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Abstract 

Background 

Triple-negative breast cancer (TNBC) is an aggressive type of heterogenous breast cancer 

which is known for the absence of estrogen, progesterone, and human epidermal growth factor 

2 receptors (HER2). TNBC has the tendency of early relapse and metastatic spreading toward 

the lungs, liver, and central nervous system, as well as a poor prognosis. The risk of TNBC is 

higher in certain ethnic groups, such as Latin, African, and African-American women, as well 

as women with breast cancer 1 (BRCA1) gene mutations. As per the American cancer society, 

TNBC accounts for about 10-15% of all breast cancer cases with its most prevalence in young 

women whereas in Indian population, it comprises approx. 25-30% of total cases. According 

to classification based on molecular and morphological characterization invasive ductal 

carcinomas account for around 90% of TNBC cases, while lobular, apocrine, adenoid cystic, 

and metaplastic carcinomas account for the rest. Despite sharing the triple negative phenotype, 

the prognosis of different types of breast cancer is distinct. Further, based on gene expression 

profile, TNBC is classified into six subtypes i.e., Basal-like 1 & 2, Immunomodulatory, 

Luminal androgen receptor, Mesenchymal, and Mesenchymal stem-like. TNBC's diversity in 

terms of gene expression and the variety of genetic events usually results in distinct responses 

to therapy which further complicates its therapeutic management. 

In recent past, in order to identify novel molecular target, research in the area of finding 

molecular pathways and identifying biomarkers have been done substantially. However, 

despite significant amount of research, till date ideal treatment approach has not been 

identified. The selection for TNBC treatment depends on the origin of cancer and its 

development, stage of progression as well as its molecular site. In the late twentieth century, 

for the management of TNBC, various conventional therapeutic approaches, including surgery, 

adjuvant chemotherapy and radiation therapy have been tried. The current treatment approach 

for TNBC is either individual use of selective anticancer drugs or along with surgery or 

radiotherapy. The chemotherapeutic approach involves the use of anticancer agents belonging 

to classes such as anthracyclines, platinum compounds, and taxanes. Although, various 

conventional therapeutic approaches are already established, but still there is an unmet need 

pertaining to the treatment as these conventional therapy approaches have several limitations, 

including non-selective targeting, resistance due to efflux transporters, and severe systemic 

toxicities such as mucositis, thrombocytopenia, alopecia etc. Since then, newer targeted therapy 
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approaches have been researched extensively, which includes, targeting DNA repair pathways, 

cell cycle retardation, inhibiting poly ADP-ribose polymerase (PARP) enzyme, anti-

angiogenesis therapy, immunotherapy. Further, photodynamic therapy (PDT) and radiation 

therapy also provides a practicable approach to boost the therapeutic effectiveness.  

Among these therapies, in the recent past, PDT is getting much attention as it is a localized and 

non-invasive treatment method that has undergone exploration for potential benefits in cancer 

therapy. This therapy is utilizing a photosensitizer and exposure to a particular wavelength of 

light that can generate reactive oxygen species (ROS) through light activation. The 

photosensitizer i.e., 2-[1-hexyloxyethyl]-2-devinyl pyropheophorbide-a (HPPH) is a second-

generation, lipophilic, chlorin-based small molecule; is initially injected in the bloodstream, 

which is then absorbed and further deposited into the cancer cells. This photosensitizer 

accumulates in these cells, and on exposure to a particular wavelength of light, generate ROS 

which can eventually kill cancer cell. HPPH is currently under phase I/II clinical trials for 

different cancer types including esophageal, neck, head cancer, and breast cancer. However, 

HPPH has certain limitations which includes aggregation in physiological condition, quick 

photobleaching, low solubility, poor pharmacokinetics, limited cellular uptake into the target 

cells, and phototoxic side effects including DNA damage to the normal cell. Moreover, PDT is 

impeded by the action of a nuclear enzyme i.e., PARP which is involved in the repair of DNA 

by binding to specific location of single-strand damage on the DNA molecule, and in turn, 

facilitating the repair process. These PARP family enzymes are involved in the process of poly-

ADP-ribosylation (PARylation), whereby they transfer ADP-ribose units from NAD+ to 

proteins that serve as substrates. This process facilitates the repair of DNA single-strand breaks 

(SSBR) via base excision repair (BER). Along with that, the clinical challenges i.e., 

development of resistance to PDT might be facilitated if the tumour tissue is not rapidly 

eradicated during the first PDT sessions. This poses a challenge to the effectiveness of the 

treatment, mostly due to the activation of cellular redox defenses and repair mechanisms. The 

precise mechanism behind PDT resistance remains elusive; nevertheless, in vitro experiments 

have shown that resistance may arise through activation of the PARP damage-repair signaling 

pathway.  Hence, the inhibition of PARP may possibly augment the PDT response. Therefore, 

the co-administration of a PARP inhibitor (PARPi) along with PDT may exert a synergistic or 

additive role in the killing of tumour cells. Amongst all the PARPi, Olaparib (OLA) is one of 

the US-FDA approved drug for breast cancer with or without a BRCA1/2 mutation which acts 

by inhibiting DNA synthesis and ROS induced apoptosis. It is important to mention that OLA 
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have not only the capacity to induce the inactivation of PARP but also to effectively sequester 

PARP at the specific location of DNA damage, ultimately culminating in cellular death. While, 

OLA might possibly be encouraging the efficiency of PDT but it has certain major limitations 

in effective clinical translation. These includes less aqueous solubility, stability issue in 

biological system along with the poor pharmacokinetic profile (low bioavailability, low 

biological half-life, etc.). Further, these overall drawbacks of both HPPH and OLA can be 

circumvented by the employment of advanced targeted drug delivery system for the effective 

management of TNBC. 

In the field of advanced drug delivery, nanomedicines are one of the finest tools that has 

emerged in the past couple of decades, having the potential to fight against severe, difficult-to-

manage diseases like cancer, particularly due to its advantage of enhanced permeability and 

retention effect (EPR). Researchers are considering the option of nanomedicine for 

combinational therapy or as a multidrug delivery system in case of cancer so as to employ 

several advantages such as improving the pharmacokinetic profile, decreasing the systemic 

toxicity related to free drug, and having a synergistic pharmacological effect when two 

different class of drug employed and co-administered .Considering all the nanocarrier system, 

a lipid-polymer hybrid nano-carriers (LPHNs) is a promising delivery approach for the 

hydrophobic therapeutic molecules. These hybrid systems deliver combinational benefits of 

lipids as well as polymers such as good loading capacity, better release profile, biomimetic 

system, and superior therapeutics. Hence, it provides an efficient tool in the management of 

TNBC. Moreover, due to the absence of surface receptors i.e., ER, PR and HER2 protein in 

TNBC, makes it difficult for conventional LPHNs to target the tumor cells. These limitations 

can be effectively addressed by the surface modification with certain chemical-based ligand or 

molecular targeted biomarker such as Biotin, Trans-Activator of Transcription protein, Folic 

acid, and Triphenylphosphine (TPP).  

Therefore, in the present research work, we have designed a LPHNs system to deliver HPPH 

and OLA for the therapeutic management of TNBC. For its fabrication, we have used 

amphiphilic co-polymer (PEG-PLGA) and Lipid (SPC100, DC89PC and linoleic acid), 

Stearylamine and Polyvinyl alcohol (PVA).  Besides, to improve the targetability of LPHNs, 

multi-functional surface modification was carried out using biotin, disulfide bond and TPP. 

These ligands can provide better response as it can directly induce intracellular ROS production 

at the mitochondrial site, leading to cancer cell death. Finally, the present research work was 
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carried out in adherence to the following major objectives. (i) To investigate the therapeutic 

potential and  pharmacokinetic studies  of  HPPH and  Olaparib-alone and in combination 

using in vitro and in vivo studies; (ii)To improve the efficacy,  circumvent pharmacokinetic 

limitations of HPPH and Olaparib by developing tumor targeted lipid-polymer hybrid 

nanoparticles; (iii)To develop and characterize HPPH and Olaparib co-loaded tumor targeted 

lipid-polymer hybrid  nanoparticle  and evaluate its therapeutic efficacy, pharmacokinetic and 

biodistribution advantages in TNBC condition. 

Methodology and results 

In-vitro and in-vivo experiments were carried out to explore the therapeutic potentials of HPPH 

and Olaparib alone & in combination using 4T1 cell line and TNBC bearing mice model. 

Primarily, the cytotoxicity study was conducted using MTT assay on the 4T1 cell line. The 

IC50 of HPPH and OLA was found to be ~10 µM and ~ 60 µM and no significant morphological 

changes were observed in the 4T1 cell line. Moreover, co-administration of HPPH and OLA 

showed the combination index value below 0.9 (46.27% of cell viability at the dose 4/24 µM 

of HPPH/OLA), indicating the possible synergistic effect. Based on the cytotoxicity result, we 

have proceeded to in vivo experiments.  The Balb/c mice were injected with TNBC cell line 

(luc-4T1 cell line) with a cell count of 2x106 in PBS exactly at mammary pad through a 

disposable syringe. The developed TNBC orthotopic murine models was confirmed by 

bioimaging system (IVIS® Lumina III, PerkinElmer, USA). Afterward, HPPH (Dose 

5mg/kg.bw), OLA (Dose 30mg/kg.bw) and in combination of HPPH with OLA were 

administered in TNBC bearing Balb/c mice.  A substantial enhancement (p<0.001) in the tumor 

suppression and enhanced apoptosis cell death pathway was observed when compared to 

diseased animal. Moreover, to check the pharmacokinetic profile and interaction between 

HPPH and OLA, pharmacokinetic studies of HPPH, OLA and in combination of HPPH and 

OLA was performed in Balb/C mice. The pharmacokinetic results confirmed short plasma half-

life (t ½) i.e., 5.74±3.35 h for OLA, while plasma half-life of HPPH was found to be 15 h. The 

result also showed a high-rate of elimination and high clearance in case of OLA. Further, the 

pharmacokinetic data for combination of HPPH and OLA (HPPH-OLA) suggested the HPPH-

OLA did not find any significant pharmacokinetic interaction after administration in animal. 

Therefore, to circumvent the problems associated with poor pharmacokinetic and 

pharmacodynamic of HPPH and OLA, a site specific-LPHNs were fabricated and biologically 

evaluated using Balb/c mice model. 

Firstly, Biotin-PEG-PLGA was synthesized using amide coupling and was confirmed by 1H-
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NMR. HPPH loaded lipid polymer hybrid nanoparticles (LPHNs) were formulated using a 

single emulsification followed by solvent evaporation method. For the preparation of HPPH 

loaded LPHNs, the excipients such as DC89PC, PEG-PLGA/Biotin-PEG-PLGA and linoleic 

acid was used for the organic phase, while PVA solution was used as aqueous phase. Further, 

to optimize the LPHNs, the effect of independent parameters (i.e., concentration of PVA 

solution and amount of DC89PC) on response parameters (i.e., Particle Size and % Entrapment 

efficiency) were studied using the Central Composite Design (CCD) based response surface 

methodology via DOE approach. The comparative analysis of physiochemical properties such 

as average Particle size (PS), Polydispersity index (PDI) and zeta potential of the optimized 

LPHNs with fresh and after freeze drying were studied. HPPH-LPHNs showed an average PS 

of 152 nm with a PDI value of 0.217 and -0.2 mV Zeta potential. Due to incorporation of 

Biotin-PEG-PLGA instead of non-surface engineered polymer i.e., PEG-PLGA, the avg. PS 

was slightly increased to 156 nm with the PDI of 0.208. Further, this surface engineered 

polymer also showed minor change in surface charge from -0.2 mV to 1.16mV. Then after, the 

lyophilization of LPHNs was performed using different cryoprotectant to improve its storage 

stability. The lyophilized LPHNs with 10% PEG 4000 showed good result as all the 

physiochemical parameters were nearly unchanged compared to fresh LPHNs. The 

morphological evaluation of LPHNs was carried out using SEM analysis. The data revealed 

that the developed LPHNs were spherical with uniform distribution. The % Entrapment 

efficiency(%EE) of HPPH-LPHNs was found to be approx. 67.34.%, whereas Biotin@HPPH-

LPHNs showed approx. 66.23 % which indicates substantial cargo potential of the designed 

LPHNs systems. The release profile of HPPH encapsulated LPHNs (HPPH-LPHNs and 

Biotin@HPPH-LPHNs) and pure HPPH was performed using dialysis bag method. The release 

profile of pure HPPH described complete drug release from the dialysis bag within 12 h. 

Whereas HPPH encapsulated LPHNs followed a biphasic release pattern i.e., 20% CDR from 

both the LPHNs (HPPH-LPHNs and Biotin@HPPH-LPHNs) in first 4 h and remaining 40% 

was released till 72 h. This indicates that the designed LPHNs can provide initial burst release 

followed by a sustained release system. The DSC thermogram of free HPPH showed melting 

peak at 205°C. In case of LPHNs, the melting point peak was not observed at 205°C that 

indicates encapsulation of HPPH in nanocarrier system. The   stability of lyophilized LPHNs 

was characterized with two different storage condition i.e., 4 °C/65% RH and 25 °C/60% RH 

for 90 days to understand the shelf life of the LPHNs. The results indicated that LPHNs was 

stable at both the condition as no significant changes were observed on avg. PS, PDI and %EE 

in comparison to fresh nanocarriers. The singlet-oxygen-generating potential of HPPH and its 
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LPHNs was detected by the Singlet Oxygen Sensor Green (SOSG) assay at the excitation 

wavelength of 494 nm. Notably, the fluorescence intensity of HPPH was significantly reduced 

due to encapsulation of HPPH in nanocarrier, the 1O2 generation ability of both nanocarrier 

(HPPH-LPHNs and Biotin@HPPH-LPHNs) was ~60 % relative to that of pure HPPH. 

Although, singlet oxygen generation is the key for ROS production in cancer cell. In spite of 

that, production of ROS also depends upon cellular uptake of the HPPH. Therefore, it can be 

compensated. The in vitro cytotoxicity was studied using MTT assay in 4T1 breast cancer cells 

with following treatment of free HPPH, HPPH-LPHNs, Biotin@HPPH-LPHNs and Blank-

LPHNs.  The IC50 values of Biotin@HPPH-LPHNs, HPPH-LPHNs and pure HPPH was found 

to be 3.9µM, 8.8µM and 10µM respectively. On the other hand, the developed blank LPHNs 

showed no cytotoxicity. The cellular uptake of HPPH loaded LPHNs was performed by using 

confocal microscopy. The fluorescence intensity was analyzed for 4h and 8h. The intensity of 

Biotin@HPPH-LPHNs was stronger than HPPH-LPHNs at both the time interval. The 

intracellular ROS generation was studied using a fluorescence probe, 2′,7′-dichlorofluorescin 

diacetate (DCFH-DA). Notably, the intracellular ROS level of Biotin@HPPH-LPHNs was 

higher than that of HPPH-LPHNs and pure HPPH which is   evident by higher color intensity 

of DCFH-DA in case of Biotin@HPPH-LPHNs. The cell apoptosis of pure HPPH and its 

LPHNs was studied using an Annexin V-FITC apoptosis detection kit. The apoptotic ratio of 

pure HPPH, HPPH-LPHNs were 4% and 8%, while Biotin@HPPH-LPHNs exhibited 52% 

apoptotic ratio which is highest apoptotic ratio than that of other groups. Hence, the above-

mentioned cellular results provide substantial evidence related to enhanced invitro tumour 

mediated activity via apoptosis. Hemolysis studies showed that Biotin@HPPH-LPHNs has less 

hemolytic index in comparison to HPPH-LPHNs and pure HPPH. This indicates 

Biotin@HPPH-LPHNs is highly biocompatible for animal study. The in-vivo 

pharmacokinetics of HPPH encapsulated LPHNs and pure HPPH were carried out at dose of 

5mg/kg.bw in Balb/c mice. Further, the comparative pharmacokinetic parameter of pure HPPH 

and its LPHNs were studied via non-compartmental analysis (NCA) using WinNonlin software 

version 6.3(Certara, USA). The resultant LPHNs showed improved pharmacokinetics of HPPH 

as compared to free drug (HPPH). The area under curve was found to be 116647.50±22067.11 

h*ng/mL and 123354.60±26533.07 h*ng/mL for HPPH-LPHNs and Biotin@HPPH-LPHNs 

respectively which was higher in comparison to pure HPPH i.e., 72575.11±9169.30 h*ng/mL. 

In addition, the plasma half-life, t1/2 (h) of both LPHNs (Biotin@HPPH-LPHNs and HPPH-

LPHNs) was approx. 30h which is 2-fold time higher when compared to pure HPPH solution 

(15.15h). Moreover, to evaluate the biodistribution of LPHNs, dye loaded LPHNs (DiI-LPHNs 
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and Biotin@DiI-LPHNs) was prepared and administered to tumor bearing Balb/c mice for both 

in-vivo and ex-vivo fluorescence imaging study. The results showed greater tumor 

accumulation with Biotin@DiI-LPHNs for a longer period in comparison to DiI-LPHNs which 

is 1.2-fold times. A safety study was carried out in the BALB/c mice as per OECD guidelines 

to evaluate the toxicity of LPHNs. No toxicity was observed in pure HPPH and HPPH loaded 

LPHNs, indicating that fabricated LPHNs for HPPH is biocompatible.  

In the same way, the LPHNs for OLA (i.e., OLA-LPHNs, St@OLA-LPHNs and 

Biotin/St@OLA-LPHNs) was fabricated using emulsification followed by solvent evaporation 

method. The OLA loaded LPHNs (both lyophilized and non-lyophilized LPHNs) were 

characterized with respect to PS, PDI, zeta potential, shape, %EE and % DL. All the OLA 

encapsulated LPHNs showed the particles size less than 150 nm with narrow PDI (~ 0.21). The 

zeta potential for the OLA-LPHNs were found to be ~ 0.4 mV for both lyophilized and non-

lyophilized samples, while zeta potential of St@OLA-LPHNs and St/Biotin@OLA-LPHNs   

was much higher, i.e., ~ 28 mV. The % EE was  found in the range of 56-67% with % DL value 

of ~9% for all OLA loaded LPHNs. Additionally, SEM image showed that OLA loaded LPHNs 

were nano-metric in size with spherical shape which matches with result of DLS analysis.  It 

has also been observed that LPHNs were less aggregated with enhanced stability. The release 

study was performed using dialysis bag method in two different pH conditions, that is 5.4 and 

7.4.  The OLA encapsulated LPHNs showed approx. 40% drug release within first 4 h, while 

remaining 60% of release was completed in 48 h. In case of pure OLA, complete release was 

attained within 2 h. Moreover, the IR spectra of the pure drug, targeted cationic blank LPHNs, 

OLA-LPHNs, St@OLA-LPHNs and St/Biotin@OLA-LPHNs were studied. The major 

characteristic peak in IR spectra for pure drug was observed at 3186.12 cm−1 due to N ̶ H 

stretching, 1631 cm−1 due to ̶ C=O aromatic stretching and 1407 cm−1 due to ̶ C ̶ H bending. 

While drug loaded nanoparticles, the peak intensity was found to be low when compared to the 

pure drug. Further, the DSC analysis was also studied for pure OLA, targeted cationic blank 

LPHNs, OLA-LPHNs, St@OLA-LPHNs and St/Biotin@OLA-LPHNs. A sharp melting point 

peak at 210.63 °C was observed for OLA whereas, no melting point peak in OLA loaded 

LPHNs was observed at 210. 63 °C. Both DSC and IR results confirmed that OLA is 

completely encapsulated in the LPHNs. The stability of lyophilized nanocarrier was 

characterized for 3 months with two different storage conditions i.e., 4 °C/65% RH and 25 

°C/60% RH. From their results, it was observed that the stability samples with both storage 

condition showed no significant changes in PDI, PS and %EE as compared to the fresh batch. 

The in vitro cytotoxicity was studied using MTT assay in 4T1 breast cancer cells, following 
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treatment of OLA, OLA-LPHNs, St@OLA-LPHNs, St/Biotin@OLA-LPHNs and blank 

nanoparticle. Based on the % cell viability data obtained after 48 h. period, IC50 value was 

calculated and it was 7.3µM, 26.76µM, 29.69 µM and 60µM for St/Biotin@OLA-LPHNs, 

St@OLA-LPHNs, OLA-LPHNs, and OLA, respectively. Further, the cellular uptake of 

LPHNs was performed in 4T1 cell line using coumarin-6(C6) which is commonly employed 

for uptake studies of nanoparticle. The fluorescence intensity of C6 loaded LPHNs (C6-

LPHNs, St@C6-LPHNs and St/Biotin@C6-LPHNs) was estimated using confocal microscopy 

at 525 nm. The results suggested that Biotin/St@OLA-LPHNs revealed more cellular uptake 

compared to pure OLA, C6/OLA-LPHNs, and St@C6/OLA-LPHNs as it showed more 

fluorescence intensity. Apoptosis assay was also performed in 4T1 cell line using flow 

cytometry. The cell line was treated with pure OLA and OLA loaded LPHNs based on the dose 

calculated using IC50 value. The apoptotic cell death in OLA solution was 9% whereas resulting 

LPHNs i.e., OLA-LPHNs, St@OLA-LPHNs and Biotin@OLA-LPHNs unveiled 13.83%, 20.7 

% and 72.1% respectively. Hemolysis of pure OLA and its LPHNs  was performed using RBCs 

of mice. The pure OLA and its LPHNs (OLA-LPHNs, St@OLA-LPHNs and Biotin@OLA-

LPHNs) showed hemolytic index of approx. 1.5% which indicates that nanocarriers are safe 

and biocompatible for in-vivo evaluation.  The pharmacokinetics study was carried out in 

Balb/C mice at 30mg/kg.bw via  i.v. route of administration . The AUC was found to be greater 

in St/Biotin@OLA-LPHNs (i.e., 14824.27±2094.51 h*ng/ml) in comparison of free drug 

(5149.59±1050.38 h.*ng/ml). Other pharmacokinetic parameters i.e., elimination rate constant 

(Ke) of LPHNs was significantly lower than that of free OLA (0.18±0.16 h−1). Furthermore, a 

short biological half-life was observed and the value was found to be 5.74±0.3.35 h in case of 

pure OLA whereas, for OLA-LPHNs, St@OLA-LPHNs and St/Biotin@OLA-LPHNs, values 

were 12.85±4.8, 15.46±0.12, 17.50±1.42 h. respectively. Moreover, to evaluate the 

biodistribution of LPHNs, DiI loaded LPHNs (DiI-LPHNs, Biotin@DiI-LPHNs and St/ 

Biotin@DiI-LPHNs) was prepared and administered to tumor bearing Balb/c mice for both in-

vivo and ex-vivo fluorescence imaging study. The results showed greater tumor accumulation 

with St/Biotin@DiI-LPHNs for a longer period in comparison to DiI-LPHNs which is 3-fold 

times. The safety evaluation  for the developed OLA loaded LPHNs were carried out in the 

BALB/c mice. No toxicity was observed in the treated group when compared to control group, 

indicating OLA loaded LPHNs to be biocompatible and safe. 

In addition, co-encapsulated HPPH and OLA in LPHNs were also formulated by single 

emulsification method using the stearylamine, Biotin-PEG-PLGA, linoleic acid-ss-TPP/ 

Linoleic acid and PVA. Further, the designed nanocarrier was subjected to physiochemical 
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characterization. It was observed that the PS was found in between the range of 100-200 nm 

which is in line with SEM analysis and further, the FE-SEM data representing the spherical 

morphology of the particle with uniform size distribution across nanocarrier systems. PDI and 

Zeta potential was 0.201 ± 0.5 and 27.1 ± 0.2 mV for Biotin@HPPH/OLA-LPHNs and 

0.203 ± 0.1 and 26.3 ± 0.3 mV for Biotin-ss-TPP@HPPH/OLA-LPHNs respectively, 

indicating a narrow distribution without particle aggregation. The release profile of the free 

drug and LPHNs was performed using dialysis bag method. The drug loaded nanoparticle 

exhibited a burst release followed by controlled release pattern which could provide a better 

residence time of drug in biological system. Moreover, the SOSG study indicates Biotin-ss-

TPP@HPPH/OLA-LPHNs showed slightly less fluorescence intensity when compared to pure 

HPPH i.e., ~3% less fluorescence intensity than pure HPPH. Despite the singlet generation 

ability of Biotin-ss-TPP@HPPH/OLA-LPHNs, production of ROS also depends upon its 

intracellular uptake. Thus, it can be compensated. The cytotoxicity of HPPH and Olaparib co-

encapsulated LPHNs were studied in 4T1 cell line. The result suggested that Biotin-ss-

TPP@HPPH/OLA-LPHNs showed 14.47% cell death at combination dose of 4µM and 24µM 

for HPPH and OLA respectively, while Biotin @HPPH-OLA-LPHNs and pure combination 

of HPPH and Olaparib showed 28.80 % and 46.27% cell death respectively. Blank LPHNs did 

not show any significant change in the cell viability at concentration of 100 µg/ml. The cellular 

uptake of LPHNs was performed by using a hydrophobic dye i.e., coumarin-6. The 

fluorescence intensity of Biotin-ss-TPP@HPPH/OLA-LPHNs was stronger than 

Biotin@HPPH/OLA-LPHNs. Further, to evaluate mitochondrial penetration of nanocarrier, 

Mito-tracker (Red) was also used. The Mito tracker fluorescence intensity of Biotin-ss-

TPP@HPPH/OLA-LPHNs was stronger when compared to Biotin@HPPH/OLA-LPHNs. The 

result suggests surface modification of LPHNs with TPP and disulfide bond may enhance the 

drug accumulation in mitochondrial site. The intracellular ROS generation was studied using a 

fluorescence probe, 2′,7′-dichlorofluorescin diacetate (DCFH-DA). Notably. the intracellular 

ROS level of Biotin-ss-TPP@HPPH/OLA-LPHNs was higher than Biotin@HPPH/OLA-

LPHNs and pure HPPH/OLA as it shows the higher color intensity of DCFH-DA in case of 

Biotin-ss-TPP@HPPH/OLA-LPHNs. The pure HPPH-OLA and, Biotin@HPPH/OLA-

LPHNs were 16.15% and 19% of apoptic ratio, while Biotin-ss-TPP@HPPH/OLA-LPHNs 

exhibited 37.74% of apoptotic ratio. Moreover, the resultant HPPH and OLA encapsulated 

LPHNs showed improved pharmacokinetics as compared to free drug.The biodistribution of 

Biotin@DiI-LPHNs and Biotin-ss-TPP@DiI-LPHNs was carried out in tumor bearing Balb/c 

mice. The results showed a greater tumor accumulation with Biotin-ss-TPP@DiI-LPHNs in 
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comparison to Biotin@DiI-LPHNs which is 1.8-fold times higher. The in-vivo efficacy   was 

assessed in Luciferin tagged 4T1 tumor bearing animal using an in vivo imaging technique 

with the IVIS® Lumina III, PerkinElmer, USA. On days 1,3, 6, and 10 of the treatment periods, 

all the animals in each group (HPPH, OLA, HPPH/OLA, Biotin@HPPH/OLA-LPHNs and 

Biotin-ss-TPP@HPPH/OLA-LPHNs) were examined for tumor growth. Notably, the result 

suggested Biotin-ss-TPP@HPPH/OLA-LPHNs treated animal showed significant tumor 

suppression when compared to combination of HPPH and OLA and Biotin@HPPH/OLA-

LPHNs. Further, Biotin-ss-TPP@HPPH-OLA LPHNs treated animal group showed a higher 

intensity of ROS generation compared to other group i.e., HPPH, OLA, HPPH-OLA  and 

Biotin@HPPH/OLA-LPHNs. It might be due to better penetration of drug loaded nanoparticle 

in mitochondrial site of tumour tissue. The tunnel assay also suggested higher apoptotic 

response of Biotin-ss-TPP@ HPPH/OLA-LPHNs (exhibits 2.1-fold time apoptotic ratio) in 

comparison to combination of pure HPPH and OLA. Also, histochemical analysis was 

performed for all the above-mentioned group using H&E staining. No toxicity was observed 

in vital organ , which may be due to effective drug encapsulation into the nanocarriers system. 

In conclusion, the fabricated Biotin-ss-TPP@HPPH/OLA-LPHNs has shown stronger anti-

tumor activity and a greater clinical therapeutic potential for the management of TNBC. 

Summary and conclusion 

• Our research work confirmed that both HPPH and OLA are effective against TNBC. 

Moreover, their combination has also confirmed synergistic response against TNBC. 

Therefore, it could pave the way for facilitating further clinical translation avenue. 

• To the best of our knowledge, for the first time, a surface modified lipid-polymer hybrid 

nanocarrier system for an effective targeted delivery of HPPH and OLA was fabricated. 

Also, developed nanocarrier system for HPPH and OLA-alone and its combination, 

significantly circumvented the pharmacokinetic problem including short half-life, high 

elimination rate, and  biological instability.  

• The bio-distribution of surface modified LPHNs of co-encapsulated HPPH and 

Olaparib has been carried out in 4T1 mouse model which showed enhanced drug 

accumulation in tumor site i.e., Biotin-ss-TPP@HPPH/OLA-LPHNs showed approx. 

4-fold times better penetration when compared to Biotin@HPPH/OLA- LPHNs. Thus, 

it is evident that Biotin-ss-TPP@HPPH/OLA-LPHNs delivered both HPPH and OLA 

selectively to TNBC tissue that could minimize the toxicity. 

• Moreover, Biotin-ss-TPP@HPPH/OLA-LPHNs showed significant tumor suppression 
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activity when compared with free drug and non-targeted nanocarrier system. There was 

no  toxicity observed with these two drugs loaded LPHNs. 

• Therefore, succinctly, our work demonstrated that this surface modified LPHNs based 

therapeutic strategies could be utilized for HPPH and Olaparib with improved target 

specific biodistribution leading to enhanced anti-tumor efficacy against TNBC along 

with reduced toxicity.  
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1. Introduction 

1.1. Background 

Cancer is the major cause of mortality across the world, resulted due to the mutation of 

oncogene and inactivation of tumor suppressive gene. On a global scale, 7.6 million deaths are 

caused by cancer annually, representing 13% of all deaths worldwide. According to  WHO, it 

is arising due to various factors including ageing population, genetic disposition [1,2]. Among 

all types of cancer, breast cancer is the most prevalent cause of death and has high mortality 

and morbidity rates. It can affect both men and women, but it is significantly more common in 

women [3,4]. In 2020, it was reported that about 252,710 new cases have been diagnosed as 

breast cancer among all the women, and 42,170 new cases will be expected that may increase 

the risk of death due to breast cancer [5]. 

On the basis of histological and molecular characteristics, clinically the breast cancers is 

classified into five subtypes including, Triple negative breast cancer (TNBC), Luminal A, 

Luminal B, and HER2-enriched (HER2+), and normal like and basal-like. Among all type of 

breast cancer, TNBC may account 15% which is an aggressive cancer and don’t have ER, PR 

and HER expression. Further, TNBC is characterized by elevation in mitotic count, stromal 

lymphocyte response and high ratio of nucleus: cytoplasm. Moreover, according to current 

molecular and morphological studies, invasive ductal carcinomas account for around 90% of 

TNBC cases, while lobular, apocrine, adenoid cystic, and metaplastic carcinomas account for 

the rest. TNBC is commonly diagnosed in young women and the risk of TNBC is higher in 

certain ethnic groups, such as Latin, African, and African-American women, as well as women 

with breast cancer 1 (BRCA1) gene mutations. Additionally, molecular heterogeneity, BRCA 

mutation, early relapse and metastatic spreading toward the lungs, liver, and central nervous 

system may contribute to therapeutic failure, poor prognosis and its management[6,7]. Overall, 

TNBC is an aggressive form of cancer which is having very poor survival rates along with high 

risk of chemotherapeutic resistance. 

Further, in development of therapeutic intervention for TNBC, a critical diagnosis is needed. 

Although the diagnosis is based on the imaging technique including, ultrasound 

mammography, immuno-histochemistry, palpation, magnetic resonance imaging (MRI) and 

ultrasonography. But, the absence of cancer biomarkers (ER, PR and HER), faces the clinical 

challenge for early diagnosis. Therefore, the discovery of specific biomarkers should be 

explored for TNBC which would surely enhance the diagnosis process, as well as provide aid 

for the development of targeted therapeutics [8,9].  
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Furthermore, the selection of the treatment for TNBC depends on its cell origin, development 

and stage of progression including mutation (spreading to lymph node)[10,11].The absence of 

a particular molecular target is a vital clinical challenge for the management of TNBC patients.  

In the late twentieth century, for the management of TNBC, various conventional therapeutic 

approaches, including surgery, adjuvant chemotherapy and radiation therapy have been used 

to manage it. The current treatment approach for TNBC is either individual use of selective 

anticancer drugs or along with surgery or radiotherapy[12]. The chemotherapeutic approach 

involves the use of anticancer agents belonging to different classes of drug such as 

anthracyclines, platinum compounds, and taxanes derivative and immunomodulating 

agent[13]. However, the clinical therapeutic approaches have several limitations, including 

non-selective targeting, resistance due to efflux transporters, and severe systemic toxicities 

such as mucositis, thrombocytopenia and alopecia[13]. Therefore, still there is an unmet need 

to explored newer therapeutics approaches that may pave the way for effective clinical 

management of TNBC. Moreover, the pathophysiological process and mechanism involved in 

TNBC are different in comparison to other breast cancer and complexes that may pose a greater 

risk for the chemotherapeutic failure and development of resistance during its treatment[14]. 

Presently, researchers are focusing to understand and to explore the molecular pathway that are 

involved in the pathogenesis and progression of TNBC. 

1.2. Pathophysiology and mechanism involved in TNBC 

Although, the pathogenesis is not so far clear but numerous risk factors including genetic 

predisposition and environmental toxins have been identified that are involved in the 

development of cancer. Exposure of exogenous and endogenous hormone secretion, genetic 

mutations and ionization radiation in DNA repair genes are also well-known factors that 

contribute to breast cancer development. Further, due to the absence of the ER, PR and HER2-

gene expression, TNBC becomes more aggressive[15][16]. Also, the frequent mutation of 

Tp53 and BRCA gene have been confirmed that may increase the levels of tumor-infiltrating 

lymphocytes (TILs) and inactivation of apoptosis cell death pathway that eventually leads to 

development of TNBC[17]. Furthermore, recent study stated that TNBC also occurs due to the 

overexpression of EGFR, thereby stimulating the high proliferation through AKT and MAPK 

signaling, resulting in increased rates of DNA aberrations, and possibly defective DNA repair 

pathways[18]. Although, the mechanism involved in TNBC is not so far very clear but the 

possible pathological alteration in TNBC progression has been shown in Figure 1.1. which 
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emphasizes the various pathological mechanism that have a crucial role in TNBC including 

BRCA1/2(breast cancer type 1and 2gene) gene mutation. 

 

Figure 1.1: Pathogenesis of triple negative breast cancer ;Adopted from ref.[19] 

1.2.1. Epidermal Growth Factor Receptor (EGFR) and TNBC 

The Epidermal Growth Factor Receptor (EGFR) belongs to the category of tyrosine kinase 

receptors. Numerous studies indicate elevated expression of EGFR in various mutated and 

aberrant epithelial cancers, such as lung and breast cancer. Specifically, within the different 

subtypes of breast cancer, EGFR is frequently present in aggressive inflammatory and triple-

negative breast cancer, constituting approximately 89% of triple-negative breast cancer 

cases[18,20,21].  

The signaling at the membrane involves the interaction of ligands like transforming growth 

factor alpha (TGF-α) or epidermal growth factor (EGF) with the EGFR receptor. This 

interaction results in the formation of receptor dimers and the autophosphorylation of tyrosine 

residues located on the intracellular domain. Consequently, this activation initiates downstream 

signaling pathways, including PI3K/AKT/mTOR and Ras/Raf/MEK/ERK cascades, ultimately 

triggering various cellular responses such as cell adhesion, differentiation, proliferation, 

survival, migration, and extracellular matrix (ECM) construction. Mutations in the PI3K, AKT, 

and mTOR pathways, involving alterations in proto-oncogenes or tumor suppressor genes, can 

contribute to the development of cancer[22]. 
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Overexpression of EGFR in TNBC allows cells to evade the normal regulatory mechanisms 

that induce apoptosis. This resistance to cell death contributes to the survival and persistence 

of cancer cells, promoting tumor aggressiveness[18]. Moreover, the heightened expression of 

EGFR results in the generation of pro-angiogenic substances such as VEGF (vascular 

endothelial growth factor) and bFGF (basic fibroblast growth factor). These substances 

stimulate angiogenesis by encouraging endothelial cells proliferation and migration, which 

serve as the foundation for blood vessels formation [23]. Additionally, in TNBC, EGFR 

signaling promotes the expression of matrix metalloproteinases (MMPs), enzymes that destroy 

the extracellular matrix. MMPs promote the remodeling of the tissue around blood arteries, 

hence promoting angiogenesis and subsequently leading to TNBC aggression[24]. 

Additionally, a recent investigation uncovers a notable positive feedback loop linking the 

Epidermal Growth Factor Receptor (EGFR) pathway and Kindlin-2. The activation of EGFR, 

potentially by ligands like EGF, leads to the increased expression of Kindlin-2 through the 

EGFR/PI3K signaling pathway. Upon elevation, Kindlin-2 attaches to the EGFR kinase 

domain, enhancing the stability of the EGFR protein and facilitating EGF-induced cell 

migration. Importantly, Kindlin-2 hinders EGFR degradation by reducing EGFR 

ubiquitination. This intricate molecular interplay establishes a reciprocal relationship between 

EGFR and Kindlin-2, contributing to the enhanced migratory phenotype and potentially other 

aggressive characteristics in TNBC [25]. 

Furthermore, recent molecular studies suggest that the EGFR signaling pathway and ECM 

molecules are mutually regulated in tumor cells, affecting ECM stiffness, angiogenesis, 

survival, adhesion, migration, and metastasis. Overproduction of tumor-promoting ECM 

components, such as glycoproteins and proteoglycans, enhances EGFR activation and loss of 

PTEN, promoting tumorigenesis progression [26].  

In addition to tumor progression, EGFR is also primarily involved metabolic reprogramming. 

EGFR has a major role in metabolic reprogramming in addition to tumor growth. Specifically, 

the increase in Hexokinase 2 expression, responsible for initiating glycolysis, and the 

suppression of Pyruvate Kinase Muscle isoenzyme 2 activity, which concludes glucose 

metabolism are triggered by Epidermal Growth Factor (EGF). This stimulation fosters aerobic 

glycolysis and results in the accumulation of metabolic intermediates. The elevated levels of 

F1,6BP through this process, coupled with increased extracellular lactate, contribute to larger 

tumor sizes in vivo, as well as heightened proliferation, metastasis, and evasion of the immune 

response[27]. 
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Apart from the above-mentioned cellular functions, recent studies have revealed that EGFR 

and its downstream regulators also controls epithelial-mesenchymal transition (EMT) and 

tumour invasion. EMT is a process through which a cell converts from a polarized epithelial 

phenotype to a mesenchymal fibroblastoid phenotype. EMT plays an important role in 

formation of healthy mammary gland, but on EGFR dysregulation, it plays major role in 

tumour progression. EMT leads to transcriptional reprogramming of cells. Because of its 

significant role in EMT, EGFR may be a crucial target for preventing tumour spread[28,29]. 

Furthermore, the intricate molecular landscape of triple-negative breast cancer (TNBC) 

extends beyond EGFR, with the dysregulation of key signaling pathways amplifying the 

aggressiveness of this subtype. The cascade of events initiated by EGFR overexpression 

seamlessly integrates with the intricate signaling network governed by PI3K/Akt/mTOR. This 

convergence underscores the complexity of TNBC pathogenesis, where the synergistic 

activation of multiple signaling pathways fuels tumorigenesis. 

1.2.2. PI3K/AKT and mTOR signalling pathway and TNBC  

The PI3K/AKT/mTOR (PAM) pathway plays a crucial role as an intracellular mechanism that 

oversees cell growth, migration, proliferation, transcription, survival, metabolism, and 

regulation. [30]. Numerous epidemiological and in vivo investigations have confirmed the 

participation of the PI3K/AKT signaling pathway in the advancement of diverse human tumors. 

Additionally, it serves as a pivotal element in regulating both tumor angiogenesis and the 

metastasis of tumor cells. Activation of the PI3K signaling pathway is initiated through the 

binding of ligands or growth factors to various membrane-associated receptor tyrosine kinases 

(RTKs), including HER2 proteins and IGF-1 receptors. [31]. Activation of the receptor tyrosine 

kinases (RTKs) leads to the recruitment of the p85 subunit, causing a subsequent change in 

conformation that allows the p110 subunit to catalyze the phosphorylation of PIP2 (4,5-

phosphoinositide) into PIP3 (3,4,5-phosphoinositide). PIP3 acts as a crucial secondary 

messenger, governing growth, cell proliferation, and survival signaling through the AKT 

pathway. [31]. Moreover, the regulation of survival signaling through PIP3 is restrained by 

dephosphorylation mediated by tumor suppressors such as p53 and lipid phosphatase (PTEN). 

PTEN counteracts this process by dephosphorylating PIP3, thereby hindering the activation of 

AKT. Additionally, any modification or mutation in PIK3CA and genes with tumor-

suppressive functions has the potential to induce genetic instability and contribute to the onset 

of tumorigenesis[32].  
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Moreover, the serine-threonine protein kinase AKT, comprising three isoforms (AKT1, AKT2, 

and AKT3), undergoes stimulation through PI3K phosphorylation, playing a role in the 

regulation of tumor growth and angiogenesis. In the P13K signaling pathway, the formation of 

PIP3 results in the recruitment of AKT, which then binds to PDK1 (phosphoinositide-

dependent kinase 1) through their pleckstrin homology (PH) domains. Subsequently, PDK1 

phosphorylates AKT at the kinase domain, specifically at Thr 308 in AKT1, for its activation. 

Full activation of AKT requires phosphorylation within the carboxyl-terminal regulatory 

domain (Ser 473 in AKT1) by PDK2. Once activated, AKT translocates to the cytoplasm and 

nucleus, where it phosphorylates, activates, or inhibits numerous downstream targets, 

regulating various cellular functions, including angiogenesis. The enforced expression of active 

forms of PI3K/Akt augments the formation of sprouting vessels, inducing angiogenesis.[33]. 

Activation of Akt also impacts the mammalian target of rapamycin (mTOR), a protein kinase 

present in two complexes - mTOR Complex 1 (mTORC1) and mTOR Complex 2 (mTORC2). 

Akt triggers the activation of mTORC1 by suppressing the tuberous sclerosis complex (TSC), 

which acts as a negative regulator of mTORC1. 

mTOR is a protein kinase that plays a role in cell proliferation, metabolism, and regulation. 

Excessive activation of the mammalian target of rapamycin (mTOR) signaling pathway often 

stems from mutations in upstream genes, including proto-oncogenes and tumor suppressor 

genes like PIK3CA and p53. The hyperactivation of mTOR in cancer primarily occurs through 

two distinct mechanisms. Firstly, abnormal mTOR signaling arises from mutations in upstream 

genes, involving loss-of-function mutations in suppressor genes and gain-of-function 

mutations in oncogenes. Secondly, mutations in the mTOR components, namely mTORC1 and 

mTORC2, contribute to hyperactivation. Additionally, the loss of function of tumor suppressor 

genes such as PTEN, TSC1/TSC2, and Serine Threonine Kinase 11 (STK11) has been 

implicated in activating mTOR, potentially playing a role in cancer development and 

progression. Furthermore, mTOR signaling predominantly promotes proliferation and 

metabolism in tumor initiation and progression by dysregulating downstream substrates of 

mTORC1 (E-BP1/eIF-4E). Besides mTORC1 activity, mTORC2 participates in the 

hyperphosphorylation of AKT and mTORC1, stimulated by growth factors (e.g., glucose and 

insulin), and further suppresses apoptotic activity, leading to increased survival of cancer 

cells[34].  
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Furthermore, the activation of the PI3K/AKT and mTOR pathways can occur independently 

of hypoxia, induced by various factors like chemokines and growth factors. These factors bind 

to receptors such as receptor tyrosine kinases, G protein-coupled receptors, and alarmin 

receptors on the cell surface, potentially triggering the activation of HIF-1α[35]. Moreover, 

within cancer cells, alterations in epigenetics and acquired mutations affecting the components 

of these pathways result in the loss of functions associated with tumor suppressors (ING4, p53, 

PTEN) and the acquisition of functions linked to oncogenes (Ras, Raf, Src, mTOR, and Myc). 

These changes contribute to uncontrolled growth of cancer cells.[36]. Hence, the PI3K/AKT 

and mTOR pathway is believed to have a significant role in the process of malignant 

transformation and is being explored as a promising molecular target for the development of 

therapeutic agents aimed at treating TNBC. 

1.2.3. BRCA1/2 gene mutation in TNBC 

BRCA1 and BRCA2 (breast cancer type 1 and 2) are tumor suppressor genes, primarily found 

in the breast and various female organs' tissues. Their main functions include participating in 

the repair of DNA damage or eliminating cells if the DNA cannot be adequately repaired[37]. 

Moreover, BRCA1 operates within the DNA damage signaling pathway, aiding in DNA repair 

through diverse recombination pathways like homologous recombination (HR), nucleotide-

excision repair (NER), and potentially non-homologous end-joining (NHEJ) DNA repair 

pathways[38]. Conversely, BRCA2 plays a vital role in controlling the activity of the RAD51 

protein, which promotes the DNA repair process within the homologous recombination (HR) 

pathway. This involvement encompasses the activation of subsequent recovery pathways, 

DNA synthesis, and the resolution of DNA[39]. Nevertheless, mutations in BRCA lead to the 

destabilization of tightly regulated cellular processes. Specifically, mutations in BRCA1/2 

disturb the homologous recombination (HR)-mediated DNA damage repair process, forcing 

cells to resort to alternative error-prone repair pathways. Over time, this reliance on alternative 

pathways can result in the accumulation of multiple mutations, ultimately triggering 

carcinogenesis[40].  The mutation in the BRCA gene prompts the repair of DNA double-strand 

breaks through mutagenic mechanisms rather than homologous recombination. This shift 

results in genetic instability, fostering the development of triple-negative breast cancer 

(TNBC)[41].  

Recent studies shows that mainly BRCA1 mutation carriers are linked with TNBC. Although 

~ 5% of all breast cancer cases have BRCA1/2 mutations, TNBC patients have higher mutation 
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rates. As a matter of fact, out of total breast cancer cases, 65% of BRCA1 mutation carriers 

and 23% of BRCA2 carriers are conforming in TNBC[42]. Furthermore, several studies stated 

that mutation in BRCA shows a lack of the C-terminal second BRCA1 C-terminal (BRCT) 

domain that may reduce p53-mediated transcriptional activation, subsequently causing 

uncontrolled cell proliferation. This evidence suggests the interplay between BRCA and p53 

transcription[43]. 

1.2.4. Tumour suppressive gene -p53 gene mutation and TNBC 

The p53 gene functions as a tumor suppressor gene (TSG), overseeing cell cycle regulation, 

cell proliferation, DNA repair, and the initiation of cell death through apoptosis. Recently, 

triple-negative breast cancer (TNBC) has been associated with elevated endoplasmic reticulum 

stress, potentially stemming from TP53 mutations. The TP53 mutation is the most commonly 

altered gene in cancer, detected in 80% of all cases of TNBC[44]. Moreover, missense 

mutations in TP53 result in the production of a mutant p53 protein that demonstrates reduced 

susceptibility to degradation compared to the wild-type (wt) p53. This leads to the 

overexpression of the mutant p53 protein in triple-negative breast cancer (TNBC)[45]. The 

overexpression then triggers cytogenetic changes, genetic instability, and an elevated 

probability of experiencing loss of heterozygosity[46]. The mutant p53 gene also contributes 

to evading apoptosis by interacting with other members of the p53 family, such as p63 and p73, 

thereby suppressing their tumor suppressive functions. These p53 mutations impede apoptosis 

by inhibiting the expression of BCL2-modifying factor through heightened AKT signaling and 

diminishing the transcriptional activity of p73[47]. Mutant p53 is implicated in heightening 

tumor aggressiveness and promoting metastasis by disrupting various mechanisms. One such 

example is the stabilization of the mutant p53 protein facilitated by Rab coupling protein-

mediated secretion of Hsp90, which enhances cell invasion and metastasis in triple-negative 

breast cancer (TNBC)[48]. Further, SC Linn et al reported that the p53 mutation has been also 

identified as a potential contributor of chemoresistance in TNBC via upregulating the 

expression of multidrug resistance gene 1(ABCB1). These evidences suggest a key role of p53 

gene mutation in the development of TNBC which can be a target for therapeutic 

intervention[49].  

Apart from that, the intricate link between ATM (ataxia telangiectasia mutated), ATR (ataxia 

telangiectasia and Rad3-related), and TP53 (tumor protein 53) forms a critical axis in the 

pathogenesis of triple-negative breast cancer (TNBC). These three key players are integral 

https://www.nature.com/articles/bjc1996316#auth-SC-Linn-Aff1
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components of the DNA damage response (DDR), orchestrating a finely tuned system to 

maintain genomic stability[50]. ATM and ATR act as sensors of DNA damage, responding to 

double-strand breaks and replication stress, respectively. Upon activation, both kinases 

phosphorylate TP53, leading to its stabilization and subsequent activation[51]. TP53, in turn, 

functions as a central regulator, driving cellular responses such as cell cycle arrest, DNA repair, 

and apoptosis. In TNBC, the dysregulation of ATM, ATR, and TP53 contributes to genomic 

instability, a hallmark of this aggressive breast cancer subtype. Aberrations in these pathways 

compromise the cell's ability to repair damaged DNA properly, fostering the accumulation of 

genetic alterations that fuel TNBC pathogenesis[52]. 

Furthermore, several studies demonstrated that mutation in P53 or inactivation causes 

stimulation of the PI3K/AKT pathway which cause hyperactivation of mTOR via AMPK-β1 

and TSC2, leads to development of cancer cell growth and metastasis of cancer. This evidence 

suggests the interplay between p53 and PI3K/AKT and mTOR mutation[53].  

Beyond the complex effects of TP-53, retinoblastoma protein (Rb1), another protector of 

cellular integrity, becomes a significant component in the intricate molecular environment of 

TNBC. Rb1 and TP-53 interact in a dynamic progression and disruptions to one of their roles 

combine to encourage unchecked cell proliferation. 

1.2.5. Rb1 pathway and TNBC 

The retinoblastoma protein (Rb1), a tumour suppressor gene serves as a critical regulator of 

the cell cycle exerting control over the transition from the G1 to S phase[54]. In its active, 

hypophosphorylated state, Rb1 acts as a checkpoint guardian, binding and inhibiting the 

activity of cyclin-dependent kinases (CDKs)[55]. This inhibition prevents the phosphorylation 

of Rb1 and maintains its association with the transcription factor E2F, thereby suppressing the 

expression of genes essential for DNA synthesis and cell cycle progression[56].As cells receive 

signals to proliferate, various cyclin-CDK complexes are activated, leading to the 

phosphorylation and inactivation of Rb1. This release of E2F allows for the transcription of 

genes necessary for S phase entry and progression[57]. In cancer cells, overexpression of 

Cyclin-E, activate CDK2 which cause up-regulation of CDNK2 that encourages the 

inactivation of suppressor gene RB1, which blocks the senescence in apoptosis pathways [58]. 

The amplified expression of CDNK2A and related CDNK2’s complex permits evading the 
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cell-cycle regulatory checks in the RB1 pathways and allows progression into the G1/S phase. 

Hence, it leads to high expression of cellular proliferation and growth[59]. 

Furthermore, several studies also reported the tumor suppression mechanisms orchestrated by 

the retinoblastoma protein (Rb1) that are multifaceted, contributing significantly to the 

prevention of uncontrolled cell growth and tumorigenesis[54]. One primary mechanism 

involves Rb1's ability to induce cellular senescence, a state of irreversible cell cycle arrest. In 

response to various stress signals, active, hypophosphorylated Rb1 restricts cell cycle 

progression, halting cells in the G1 phase[60]. Furthermore, Rb1 promotes apoptosis, the 

programmed cell death, as a safeguard against the survival of cells with damaged DNA or 

aberrant proliferation signals. This pro-apoptotic function is mediated through the regulation 

of Bcl-2 family proteins and interactions with apoptotic pathways [56]. The interplay between 

Rb1 and the p53 tumor suppressor pathway further amplifies these tumor-suppressive effects, 

forming a robust defense mechanism against the emergence of cancerous cells[55]. 

Dysregulation or loss of Rb1 function dismantles these safeguards, allowing for unbridled cell 

growth and contributing to the development and progression of various cancers, including 

triple-negative breast cancer (TNBC)[61]. 

The retinoblastoma protein (Rb1) undergoes various alterations in triple-negative breast cancer 

(TNBC), contributing to the dysregulation of critical cellular processes. Genetic and epigenetic 

changes in Rb1 are prevalent in TNBC, including mutations, deletions, and methylation 

alterations. These alterations disrupt the normal functioning of Rb1 as a tumor suppressor, 

leading to the loss of its inhibitory control over the cell cycle[62]. Mutations in the Rb1 gene 

can render the protein non-functional, while deletions may result in a partial or complete loss 

of Rb1[63]. Epigenetic modifications, such as hypermethylation of the Rb1 promoter region, 

can silence its expression, further contributing to Rb1 inactivation[64]. The cumulative effect 

of these alterations in TNBC is the promotion of uncontrolled cell proliferation, a hallmark of 

cancer. Thus, targeting RB1 pathway can be strategy to manage the TNBC.  

 

1.3.Therapeutic approach for the management of TNBC 

In the current era, the medical practitioners /clinicians are facing challenges in the therapeutic 

management of TNBC due to its aggressiveness[65]. The treatment of tumors has progressed 

from surgery to the use of targeted X-rays with or without chemotherapeutic agent. The 

selection of the treatment for TNBC depends on the origin of cancer development, cancer type, 

and molecular site, as well as the stage of progression[66]. The most commonly used treatment 
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approaches such as chemotherapy, surgery, and radiotherapy are which discussed in detail 

below. 

 

1.3.1. Chemotherapy in TNBC 

Chemotherapeutic drugs are well-established therapeutic approaches for various cancer 

treatments. They work biologically by interfering with cellular pathways, stopping tumor 

progression by impairing tumor cells' ability to proliferate and induction of apoptosis. The 

clinical therapeutic class of drug for TNBC are alkylating agents, antimetabolites, mitotic 

inhibitors, and topoisomerase inhibitors[67].It is believed that TNBC is sensitive to 

neoadjuvant chemotherapy. However, chemo-resistance is a serious problem associate with 

neoadjuvant chemotherapy, with up to 90% of drug failures in metastatic TNBC. Moreover, 

there is a possibility of relapse within first five year of neoadjuvant treatment. A study was 

reported by Alvaro Moreno-Aspitia et al., with neoadjuvant treatment of anthracycline–taxane 

chemotherapy. Their findings demonstrated that the combination of anthracycline–taxane 

showed better treatment against TNBC, unfortunately, by the time the disease recurs, the 

resistance was developed for this therapeutic regimen due to the upregulation of ABC 

transporters (Pgp transporter). Thus, it is vital to select the proper regimen to improve its 

prognosis. In addition to chemoresistance, systemic toxicity due to non-specific targeting, poor 

bioavailability restricts the chemotherapeutics in the management of TNBC[68,69]. Moreover, 

chemotherapy kills the quickly growing cells in the bone marrow that leads to leucopenia, 

anemia and thrombocytopenia. Further, due to use of high-dose chemotherapy, there is a 

chance of the development of oral and or gastrointestinal mucositis, leading to ulcerations pain 

anorexia, weight loss, anemia, fatigue, and chances of sepsis formation. Additionally, 

chemotherapy is primarily utilized in combination with surgery to treat cancer. Chemotherapy-

based drugs are often administered to patients before or after surgery to improve the therapeutic 

effectiveness. Based on the therapeutic utilization, it is classified into two types i.e., adjuvant 

therapy, after surgery and Neoadjuvant therapy i.e., before surgery[70]. 

1.3.2. Surgery in TNBC 

Surgery is a well-established traditional technique used to treat cancer without any preventable 

tissue damage. Surgery offers minimal damage to the surrounding tissues over radiation 

therapy and chemotherapy. There are two types of surgical processes involved in TNBC, i.e., 

lumpectomy and mastectomy. In the case of lumpectomy, only the part of the breast having 

cancer along with the surrounding normal tissue was removed. While in mastectomy the entire 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/leukopenia
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/thrombocytopenia
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breast is removed. Studies have shown lumpectomy to give better loco-regional recurrence-

free survival (LRRFS), disease-free survival (DFS), and overall survival (OS) compared to 

mastectomy[12,71]. It has been reported that the combination of breast-conserving surgery 

with postoperative radiotherapy improves the overall survival and breast cancer-specific 

survival (BCSS) compared to total mastectomy TNBC patients. Although surgery is a better 

option, it also has certain limitations, including post-operative pain, numbness and tingling, 

damage to neighboring normal tissues, side effects associates with breathing and heart problem 

due to use of general anesthesia, lymphedema, and nosocomial infections along with 

influencing the lifestyle of the patient[72]. 

1.3.3. Radiation Therapy in TNBC 

Generally, after mastectomy or conservation breast surgery (CBS), radiotherapy is given as it 

can improve loco-regional control in breast cancer. In addition to this, reports exhibit BRCA1 

mutation leading to high sensitivity to radiation. It has been reported that removal of occult 

BRCA1 deficient tumor foci from the breast and surrounding tissue can occur if CBS is 

followed by radiotherapy, leading to a decreased locoregional recurrence[73–75]. The 

limitations of radiation in the treatment of triple-negative breast cancer (TNBC) are mostly 

attributed to the presence of related toxicities and the absence of established treatment 

protocols. A significant constraint associated with this particular kind of radiation is to the 

financial implications stemming from the use of intricate apparatus and advanced 

technologies[73–75]. 

1.4. Challenges in diagnosis and treatment of TNBC 

The morphological and molecular findings suggest that TNBC is a highly aggressive and 

heterogenous malignant disease. Thus, diagnosis of TNBC is complex due to lack of ER, PR 

and HER2 protein. Till date, IHC analysis of biopsy samples is the only suitable technique for 

TNBC diagnosis which follows the critical examination of patient in clinical practice. 

However, IHC is dependent upon imaging encompassing a mammogram which sometimes 

gives either false- positive or false negative results affecting the treatment of the patient. 

Further, molecular imaging techniques using targeting ligands may be a promising approach 

for the early detection of tumors in TNBC[76,77]. This strategy is predominantly associated 

with the utilization of an adequate targeting ligand. Thus, it is very crucial to identify suitable 

targets expressed in early stages of tumour growth before developing any targeting agents. 

Taken all together, biomarkers involved in molecular imaging techniques for TNBC diagnosis, 

https://www.cancer.org/cancer/managing-cancer/side-effects/swelling/lymphedema.html
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still needs to be validated before claiming their clinical application. Additionally, problems 

associated with molecular imaging techniques includes high production costs of biomarker, 

variability in biodistribution and degradation of biomarker. Thus, these problems need to be 

overcome before these strategies can be translated to clinical practice[76,77]. 

In TNBC patients, chemotherapy is the only therapeutic option apart from surgery and 

radiotherapy that has shown some effectiveness at early stages. However, these therapeutic 

approaches have several clinical limitations such as non-selective targeting, side effects, and 

chronic toxicities[78]. Additionally, resistance in chemotherapeutic drugs like taxanes and 

anthracyclines pose clinical challenge due to presence of efflux transporters i.e., P-gp efflux 

transporter. On the other hand, the poor outcomes associated with TNBC due to lack of surface 

receptor, endocrine therapies such as selective estrogen receptor modulators (SERMs) and 

aromatase inhibitors, or anti-HER2 targeted monoclonal antibody treatments like trastuzumab 

are ineffective in treating TNBC[79].  

Moreover, the tumor microenvironment (TME) is a critical factor that supports in development 

of TNBC. The tumor proliferation, angiogenesis, anti-apoptosis pathways, suppression of 

immune system, and check point related to immune system in TNBC are inherently associated 

with TME. Amplification of tumor cells proliferation induces hypoxia, with consequent 

reprogramming of cancer cells in the TME. Due to reprogramming, tumor cells and its TME 

frequently familiarize to the new conditions and promote tumor growth[76,80,81]. Further, the 

reciprocal communication between tumor cells and stromal cells as well as immune cells 

induces changes in the cellular components of TME, which influences cancer cells to 

metastasis. In addition to metastasis, TME also induces the transition of epithelial cells to 

TNBC stem cells. The interactions between these cells in TME nurture several biological 

events that support cancer growth, invasion and angiogenesis. This evidently shows that TME 

is biggest challenges for the management of TNBC. Therefore, there is a unmet of need new 

strategy to tackle the aggressiveness of TNBC[76,80,81]. 

Since then, newer targeted therapy approaches have been researched extensively, which 

includes, targeting DNA repair pathways, cell cycle retardation, inhibiting poly ADP-ribose 

polymerase (PARP) enzyme, anti-angiogenesis therapy, immunotherapy. Further, photo 

dynamic therapy (PDT) and radiation therapy may possibly provide a practical approach to 

boost the therapeutic effectiveness for the management of TNBC.  

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/hypoxia
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1.5. Photodynamic therapy 

Photodynamic therapy (PDT) has emerged as a minimally invasive therapeutic method that has 

garnered significant interest in recent years as a novel approach to cancer treatment. It involves 

the induction of cytotoxic oxygen species by the photoexcitation of photosensitizer molecules, 

ultimately resulting in cellular demise[82]. In contrast to traditional treatment techniques, 

photodynamic therapy (PDT) exhibits enhanced selectivity towards tumour cells, owing to the 

preferential localization of photosensitizers inside tumour lesions and the precise irradiation of 

these lesions with light. There are many photosensitizers available for PDT. Based on chemical 

structure, these are classified  into porphyrins, chlorins and dyes. The example of various 

photosensitizers is aminolaevulinic acid (ALA), Silicon Phthalocyanine Pc 4, m-

tetrahydroxyphenylchlorin (mTHPC), chlorin e6 etc. Among them, chlorin based 

photosensitizer like Chlorin e6, Purlytin, HPPH are mostly used in diagnosis and biomedical 

application due to its easy biosynthesis, high production and reduced side effect[83]. 

The photosensitizer i.e., 2-[1-hexyloxyethyl]-2-devinyl pyropheophorbide-a (HPPH) is a 

second-generation, lipophilic, chlorin-based small molecule; is initially injected in the 

bloodstream, which is then absorbed and further deposited into the cancer cells. This 

photosensitizer accumulates in these cells, and on exposure to a particular wavelength of light, 

generate ROS which can eventually kill cancer cell. HPPH is currently under phase I/II clinical 

trials for different cancer types including esophageal, neck, head cancer, and breast cancer[84]. 

Nevertheless, HPPH also has some severe limitations including aggregation of the therapeutic 

agent, photostability against quick photobleaching, less aqueous solubility and poor 

pharmacokinetics, and phototoxic side effects which are severe obstacle against clinical 

translation for this drug[84]. Moreover, like other therapeutic modalities, PDT has several 

drawbacks and restrictions. This may cause photosensitivity with long exposure of laser light. 

The effectiveness of the treatment is reliant on the precision with which the tumour is irradiated 

with light. The oxygenation of tissues is essential for the photodynamic effect. With the 

technologies that we have now, treating metastatic cancer is quite challenging. When 

considering PDT as a potential form of therapy, the precision of the irradiation of light to the 

target tissue is the single most critical factor to consider. Due to the poor penetration of visible 

light into the tissue, it is challenging to treat deep tumour since these tumour are not readily 

accessible without the assistance of surgical procedures[85,86].  Therefore, researchers are 

more focusing on development of novel formulation to overcome the above-mentioned issue. 

 

https://en.wikipedia.org/wiki/Porphyrin
https://en.wikipedia.org/wiki/Chlorin
https://en.wikipedia.org/wiki/Dye
https://en.wikipedia.org/wiki/Chlorin
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1.6. Poly (ADP-ribose) polymerase (PARP) inhibitor 

Poly (ADP-ribose) polymerase (PARP) inhibitor is another promising new therapeutic 

approach which has already been tried in cancer therapy. These are acting by inhibiting 

ribosylation of the target protein by transfer of ADP ribose from NAD+, which plays an 

essential role in DNA repair. Till date, Olaparib (OLA) and Talozoparib are the two PARPi 

agent which has been approved by US-FDA for management of different subtypes of breast 

cancer. Moreover, the meta-analysis data showed no statistically significant difference between 

olaparib and Talazoparib in terms of efficacy, safety, and acceptability, which means that the 

two FDA-approved single-agent PARPi have similar efficacy, safety, and acceptability when 

used for treating patients with advanced breast cancer[87,88]. 

Olaparib is a highly selective PARP inhibitor with significant anti-tumor activity is used in 

breast cancer with or without a BRCA1/2 mutation which has been used for treatment of 

various cancers, specifically ovarian and breast cancer. It can kill cancer cell via inhibiting 

DNA synthesis or ROS induced apoptosis. However, it is also associated with several 

limitations such as lack of targeting a tumour tissue, poor bioavailability (12-17%), shorter 

biological half-life (6-12 h), in vivo stability, and toxicity. Moreover, with the passage of time 

during the treatment some cancer cells might develop resistance to PARP inhibitors which can 

subsequently affect the effectiveness of the therapy. Along with above limitations, side effects 

such as  fatigue, vomiting and anaemia, also generate greater hindrances against its clinical 

translation [89,90]. Therefore, researchers are more focusing on development of better delivery 

approach or combination strategy to overcome the above-mentioned issue. 

1.7. Possible mechanism involved in modulation PDT via PARP inhibition 

PDT has considerable potential as a viable approach for treating malignant tumors due to its 

notable selectivity. Colocalizing light, oxygen, and photosensitizer produce a significant 

quantity of reactive oxygen species (ROS) when excited by a laser at a specific wavelength. 

This phenomenon can cause DNA damage and effectively eradicate cancer cells[91,92]. 

Nevertheless, the repair mechanism shown by tumour cells and the poor immune response they 

elicit constraints on the further advancement of PDT. Further, PDT is impeded by the action of 

a nuclear enzyme i.e., PARP which is involved in the repair of DNA by binding to specific 

location of single-strand damage on the DNA molecule, and in turn, facilitating the repair 

process. These PARP family enzymes are involved in the process of poly-ADP-ribosylation 

(PARylation), whereby they transfer ADP-ribose units from NAD+ to proteins that serve as 
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substrates. This process facilitates the repair of DNA single-strand breaks (SSBR) via base 

excision repair (BER). Along with that, the clinical challenges i.e., development of resistance 

to PDT might be facilitated if the tumour tissue is not rapidly eradicated during the first PDT 

sessions[93,94]. This poses a challenge to the effectiveness of the treatment, mostly due to the 

activation of cellular redox defenses and repair mechanisms. The precise mechanism behind 

PDT resistance remains elusive; nevertheless, in vitro experiments have shown that resistance 

may arise through activation of the PARP damage-repair signaling pathway.  Hence, the 

inhibition of PARP may possibly augment the PDT response[93,95].  

Although, the PDT and its combination with PARPi showed various advantages against TNBC, 

but these are also associated with few limitations such as less aqueous solubility, stability issue 

in biological system along with the poor pharmacokinetic profile (low bioavailability, low 

biological half-life, etc.). Thus, these overall drawbacks can be circumvented by the 

employment of advanced targeted drug delivery system for the effective management of 

TNBC.  

1.8. Emerging Nanotechnology Based Delivery Approaches toward TNBC Treatment 

Nanotechnology is one of the finest tools that has emerged in the past couple of decades, having 

the potential to fight against severe, difficult-to-manage diseases like cancer. Biomedical 

sciences have seen the evolution of nanotechnology in targeting cancer, via various approaches 

in order to have a robust and targeted delivery of diagnostics and therapeutics. Researchers are 

considering the option of nanomedicine for combinational therapy or as a multidrug delivering 

system, in case of cancer so as to employ several advantages such as improving the 

pharmacokinetic profile, decreasing the free drug toxicity, and having a synergistic 

pharmacological effect of the drugs employed[96]. Other advantages offered by the nano 

systems are improved therapeutic index, with an increase in localization of the drug in the 

blood, decreased off-target secondary pharmacological effects, with increased localized 

targeted action in tumor cells. The employment of nanoparticles with primary purpose targeted 

delivery is based on the characteristic features of the nanoparticles including, average 

nanoparticulate size, uniformity, surface potential as well as drug loading capacity. The specific 

advantages offered by nanoparticles can be attributed to the increased large surface area to 

volume ratio of nanocarriers[97,98]. Furthermore, the entrapment or loading of drugs in or onto 

the nanocarriers, has increased the chances of efficient targeting of the tumor cells via the use 

of single drug molecules or via combination therapy. The nanomedicines are required to be 
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explored more, in targeting the TNBC, as it’s already known that TNBC lacks ER, PR, and 

HER2 receptors on their membrane. The absence of these receptors makes it difficult for 

conventional drug systems to target the tumor cells. As a consequence, nanotherapeutics is 

looked upon as an emerging non-conventional approach in targeting TNBC[97,98].Various 

nanoparticle systems consisting of Liposomes, Micelles, Dendrimers, Solid-lipid 

Nanoparticles, Polymeric Nanoparticles, Gold Nanoparticles etc. and their details are shown 

Figure 3. The adoption of nano systems in targeting cancer is increased, as it increases the 

permeation and localization of the drug. 

 

 

Figure 1.2.Differernt types of nanoparticles used in treatment of TNBC ;Adopted from the ref.[74] 

1.9. Surface engineered ligands used to target TNBC  

All the conventional based nano therapy options for cancer treatment have prominent side 

effects, mainly because of the absence of specificity. Most often, the site of administration will 

be far from the site of action such that there is a great chance for drug accumulation and toxicity 

of anti-cancer drugs. Therefore, novel strategies have been developed to better deal with tumors 

and further complement present traditional therapies. Also, it has attracted the scientific 

community to study more on delivering the drugs to a specific site using nanocarriers to avoid 

unwanted toxic effects via targeted nano drug delivery systems. Several reports stated that 

modifying the surface properties such as molecular size, surface charge, and physicochemical 

properties of nanoparticles can improve their in vivo stability, biocompatibility, and drug 

delivery capacity[99]. As a result, scientists are interested in studying the surface modification 

of nanoparticles to learn more about the targeted delivery of anti-cancer medications. The 
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surface of nanoparticles can be attached with small molecules (dyes or drugs) as well as large 

biomolecules (polymers, peptides, or ligands). Coating nanoparticles with small molecules is 

an effective way to change the surface charge, hydrophobicity, and stability, all of which are 

essential features for regulating the cellular absorption of nanoparticles[100]. In addition, 

modification of nanoparticle surfaces such as attaching specific ligands that are complementary 

to the receptors which are overexpressed in breast cancer will show good efficacy in treatment. 

There are few surfaces modified nanoparticle, their target site and ligand with respect to TNBC 

was mentioned in the table 1.1.  

Table-1.1. Different therapeutic approaches for TNBC 

Target Ligand Drugs  Delivery system Therapeutic outcome Reference 

Transferrin 

receptor 

Transferrin Benzoporphyrin 

derivative of 

mono acid 

Polymeric 

nanoparticles 

Exhibited the highest 

photo triggered in-vivo 

cytotoxicity 

[101] 

Folic acid 

receptor 

Folic acid Diallyl 

trisulfide 
Solid Lipid 

Nanoparticles 

 

Higher cellular 

internalization and 

efficient Bcl2 protein 

downregulation with 

improved in-vivo 

anticancer efficacy 

[102] 

Quercetin 
Nickel oxide (NiO) 

nanoparticles 

Reduced cytotoxicity 

and good 

biocompatibility along 

with appreciable anti-

cancer activity  

[103] 

Mucin 

(MUC1) 

Aptamers Navitoclax Mesoporous silica 

nanoparticles 

Effectively induce 

apoptosis, overcoming 

navitoclax resistance 

[104] 

Biotin 

receptor 

Biotin, 

vitamins 

Methotrexate Biotin-PEG 

conjugated nanogels 

(Biotin-PEG-CMPEI) 

Lowered tumor volume 

and mortality rate and 

had less lung metastasis 

and glomerular damage 

[105] 

CD44 

receptor 

HA Tirapazamine Mesoporous Ia3d silica 

nanoparticles 

Improved in-vivo 

antitumor activity 

[106] 

Triptolide Core–shell 

nanoparticles 

 

Suppression of cell 

proliferation and higher 

efficacy in shrinking 

tumor size and blocking 

lung metastasis  

[107] 

EGFR Growth 

factors 

Paclitaxel, 

Piperine 

Liposomes Enhanced cellular 

uptake and improved 

anticancer efficacy 

[108] 

Curcumin Lipidic nanoparticles Retardation of tumor 

growth and tumor 

volume ultimately, 

enhance the anticancer 

activity 

[109] 

 

https://www.sciencedirect.com/topics/chemical-engineering/nickel-oxide
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Taken all together, research evidence disclosed that the mutation in BRCA gene and abnormal 

activity of PARP enzyme may eventually leads to TNBC. Therefore, PDT and PARP inhibitor 

(PARPi) can be the two promising strategies to treat the TNBC.  In this research work, we have 

used HPPH as Photosensitizer for PDT therapy to eradicate the tumor cell via ROS mediated 

pathway and further, also used Olaparib, a selective PARP inhibitor which can enhance the 

ROS base apoptosis for cancer cell death. We also evaluate if any possibility of therapeutic 

synergistic effect or additive effect with combination of these two drugs for TNBC treatment 

as PARPi works to resolve the problem associate with PDT resistance. In spite of the advantage 

of HPPH and OLA, these two molecules have certain limitations including low solubility, poor 

pharmacokinetics, limited cellular uptake into the target cells, and clinical side effects 

including DNA damage to the normal cell. Hence, to overcome the pharmacokinetic and 

pharmacodynamic issue along with adverse events associated with these two drugs; a tumor 

targeted drug delivery system will be a possible approach to minimize the toxicity and 

increased efficacy. Therefore, in the current research, we have developed a lipid-polymer 

hybrid system which have been surface factionalized with a biotin to impart better efficacy via 

increasing the site-specific accumulation of HPPH and OLA. Additionally, we also aimed to 

evaluate if any synergist antitumoral efficacy exist between these two drugs against TNBC. 

Finally, we also developed a co-encapsulated the HPPH and OLA LPHNs which is decorated 

with 2-different class chemical ligand (i.e., mitochondrial targeting ligand, ROS inducing 

moiety and Biotin receptor targeting) as multifunctional tumor targeted nanocarrier to improve 

the therapeutic efficacy at the site of tumor along with to minimize toxicity if any exists in 

comparison with the pure drug on TNBC.
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2. Literature Review 

2.1.  Triple-negative breast cancer and its prevalence 

Triple-negative breast cancer (TNBC) is a highly aggressive sub-type of breast cancer that 

lacks the expression of three important receptors i.e. estrogen receptor, progesterone receptor, 

and human epidermal growth factor 2 receptor (HER2) found on the surface of breast cancer 

cells [40]. It is characterized by highly aggressive behavior, increased invasiveness, and 

demonstrating a propensity for early recurrence and metastatic spreading toward the nearby 

organs along with poor prognosis [110,111].TNBC is more common in certain ethnic groups, 

including Hispanic descent, Africans, and African-American women, as well as individuals 

with mutations in the breast cancer 1 (BRCA1) gene [112,113]. African American women have 

a higher likelihood of developing TNBC compared to Caucasians, indicating that the germline 

genetic background plays a significant role in the transcriptional program and tumor 

differentiation [114]. This particular form of breast cancer is most commonly found in young 

women, constituting 15-20% of all diagnosed cases of breast cancer [113,115,116]. Indeed, 

over 85% of breast cancers that arise in individuals with a BRCA1 germline pathogenic variant 

exhibit a triple-negative phenotypic expression. Additionally,11% to 19% of patients 

diagnosed with triple-negative breast cancer carry either BRCA1 germline or somatic 

mutations [117]. Recent molecular and histological studies (Table 2.1) suggest that the 

majority of TNBC cases are characterized by invasive ductal carcinomas, constituting 

approximately 90% of instances. The remaining cases involve lobular, adenoid cystic, 

apocrine, and metaplastic carcinomas [115,118]. 

Although they share the phenotypic expression of TNBC, each class has a distinct prognosis. 

Additionally, TNBC is categorized into six subtypes (Mesenchymal, Mesenchymal stem-like, 

Basal-like 1&2, Immunomodulatory, and Luminal androgen receptor) according to their gene 

expression profiles [21]. A study by Burstein et al. suggested four subtypes of TNBC including, 

luminal androgen receptor, mesenchymal,basal-like immune-suppressed, and basal-like 

immune-activated[119]. In recent studies, researchers have explored the diversity of gene 

expression and various genetic events in TNBC. The wide-ranging characteristics of TNBC, 

leads to varied responses to treatments, suggesting the need for further subdivision from a 

therapeutic standpoint. Identifying specific molecular markers for TNBC subtypes would 
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undoubtedly improve the diagnostic process and contribute to the development of predictive 

biomarkers and targeted therapeutic approaches [66,120]. 

Table 2.1: Histologic Types of TNBCs and their essential genetic features/potential molecular targets; 

Adopted with permission from ref.[121] 

Histological 

Grade of 

TNBCs 

Histological type Essential genetic features/Molecular 

targets 

Low Grade 

Adenoid-Cystic Carcinoma MTB/MYBL1 activation 

Secretory Carcinoma ETV6-NTRK3 

Various other salivary gland-like 

tumors including, polymorphous 

carcinoma, mucoepidermoid 

carcinoma, and 

adenomyoepithelioma 

• Mucoepidermoid carcinoma-

MAML2 rearrangements  

• Polymorphus carcinoma-PRKD 

gene rearrangement  

• Adenomyoepithelioma -PIK3CA 

 

Low-Grade Adenosquamous 

Metaplastic Breast Carcinoma 

PIK3CA mutations, lack of TP53 

mutations 

Solid Papillary Carcinoma with 

Reverse Polarity refers to a type 

of BC that exhibits characteristics 

resembling the tall cell variant of 

papillary thyroid neoplasms. 

 PIK3CA and IDH2 R172 hotspot 

mutations 

High 

Grade 

 

 

 

 

 

Apocrine Carcinoma PIK3CA pathway mutations, AR 

expression, 

Medullary carcinoma Correlation with IM intrinsic molecular 

subtype 

Metaplastic Carcinoma TP53 mutations, PI3K and WNT 

pathways, MSL and claudin-low 

genetic similarities, epithelial-to-

mesenchymal transition markers 

Invasive ductal carcinoma NOS  TP53, BRCA1 

  

2.2.  Prognostic role of BRCA Mutation in TNBC 

Normal mammary gland development is a critical function of BRCA1 and the gene is needed 

to translate ER-negative cells to ER-positive cells. BRCA1 and BRCA2 are of significance in 

the homologous recombination process of all the DNA repair actions, important in repairing 

the breaks in DNA double-strand. The tumor suppression mechanisms of these proteins are via 

homology-directed repair (HDR), responsible for repairing damage to DNA thus inhibiting 

tumorigenesis. Homologous recombination (HR) utilizes a section of DNA possessing high 

sequence identity like the identical sister chromatid for copying and replacing the damaged 

sequence in repairing lesions[39].  
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The cancer-suppressive effect of BRCA1 is closely linked to its role in maintaining genetic 

stability. In order to restore impaired DNA, the hyperphosphorylated BRCA1 protein 

translocate to replication sites and recruits numerous protein complexes capable of recognizing 

and repairing damaged DNA and initiating cell-cycle checkpoints, thereby controlling cell 

survival[122]. 

In brief, the cellular response to DNA damage involves the activation of BRCA, which 

subsequently induces the homologous recombination (HR) pathway initiation. During the HR-

mediated Double Strand Break (DSB) repair, the ends of the DSB are cleaved, resulting in the 

generation of 3’ single-stranded DNA tails. These tails are then coated with Replication Protein 

A (RPA). Subsequently, the recombinase protein RAD51 displaces RPA and takes place on 

the single-stranded DNA tails. RAD51 is an indispensable protein in the HR repair mechanism. 

It plays a vital role in facilitating the subsequent steps of the repair process, including the 

activation of the downstream recovery pathway, DNA synthesis, and the resolution of DNA. 

This series of events ultimately leads to the completion of the repair process[123]. The BRCA1-

BARD1 complex plays a crucial role in this biological process by directly engaging with the 

RAD51 protein to facilitate DNA invasion in homologous recombination (HR). This 

interaction enhances the ability of RAD51 to grab homologous double-stranded DNA, leading 

to the assembly of the synaptic complex and the formation of the displacement loop (D-

loop)[124]. On the other hand, BRCA2 plays a crucial role in regulating the function of RAD51 

protein that stimulate DNA repair process in HR pathway including the activation of the 

downstream recovery pathway, DNA synthesis, and the resolution of DNA[125]. 

However, cells in absence of BRCA genes are not capable of repairing breaks in double-strand 

DNA by HR. Reduced DNA repair efficiency is seen due to mutations and/or function loss in 

the two genes thus increasing the expansion of cancer cells. Since, normal mammary gland 

development is a critical function of BRCA1 and the gene is needed to convert ER-negative 

cells to ER-positive cells, the reduced DNA repair efficiency leads to an elevation in the risk 

of developing breast cancer by five to six-fold time and is the main cause underlying cancer 

disposition in carriers of BRCA mutations[126]. Mutations in the BRCA1 gene, often exhibit 

an association with hereditary breast and ovarian malignancies. Loss of heterozygosity of 

BRCA1 gene is often seen in high-grade breast cancers, as 75% of female breast cancer patients 

with TNBC phenotype have BRCA1 mutation[127]. The potential alternative processes that 

contribute to BRCA-1 faulty genotypes, including BRCA1 hypermethylation, germline 
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mutation, and gene deletion, have been clearly well understood but BRCA1 protein stability 

regulation remains inadequately known[128]. 

In the same way, in normal physiology, BRCA1 plays a significant role in the initiation of 

apoptosis. Primarily, it acts on subcellular location i.e., alternating between the cytoplasm and 

nucleus, critically influences the apoptotic pathway. The subcellular location of BRCA1 is 

influenced by various proteins, such as BARD1 and BRAP2, which exert significant regulatory 

functions. BARD1 facilitates the translocation of BRCA1 into the nucleus by concealing the 

nuclear export signal (NES), whereas BRAP2 facilitates the retention of molecules in the 

cytoplasm[129]. The induction of apoptosis is reliant on BRCA1 and occurs as a consequence 

of the disruption of the BRCA1-BARD1 complex, leading to the accumulation of BRCA1 in 

the cytoplasm. The protein BRCA1 undergoes many posttranslational changes, including 

phosphorylation and sumoylation, which have the potential to impact its subcellular 

distribution and functional properties[130]. The BRCA1 protein exhibits localization inside 

several cellular compartments, including centrosomes, mitochondria, and the endoplasmic 

reticulum. It also interacts with proteins such as Bcl2 and inositol 1,4,5-trisphosphate receptors 

(IP3Rs), implying its participation in many apoptotic pathways[130]. In a DNA cell with 

impaired integrity, BRCA1 can induce cellular demise through a p53-independent mechanism. 

This process involves the translocation of BRCA1 from the nucleus to the cytoplasm, where it 

initiates signaling cascades such as Ras-MEKK4-JNK and Fas. Activating these pathways 

ultimately leads to cell death by activating caspase 8, an enzyme with molecular properties akin 

to scissors that cleave cellular components, culminating in cell demise[130]. However, 

mutations in p53 and BRCA1 genes have been shown to impair the mobility of BRCA1, 

thereby impacting its apoptotic functionality. The BRCA1 gene functions as a regulatory 

protein within the cellular environment, akin to a traffic controller. It determines whether cells 

should persist in their growth or undergo cessation and apoptosis. The regulation occurs 

through its translocation across distinct cellular compartments. When the movement of BRCA1 

is impaired, its functionality may be compromised, potentially contributing to cancer 

development[130]. 

2.3. Challenges towards management of TNBC 

2.3.1. Tumour microenvironment and its role in tumorigenesis 

The tumor microenvironment (TME) is a critical factor that supports in development of TNBC. 

The tumor proliferation, angiogenesis, anti-apoptosis pathways, suppression of immune 
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system, and check point related to immune system in TNBC are inherently associated with 

TME[131]. The increased proliferation of tumor cells leads to hypoxia, promoting 

reprogramming of cancer cells within tumor Microenvironment (TME).This reprogramming 

often results in the adaptation of both tumor cells and their TME to the altered conditions, 

subsequently facilitating tumor growth. Based on the TME, various numerous mechanisms of 

tumorigenesis and disease progression have been identified[131]. Different cytokines and 

inflammatory mediators are secreted by cancer associated fibroblasts (CAF) that promote the 

proliferation and invasiveness of tumor cells [131]. It has been found that CAF has a significant 

role in TNBC progression mediated by activating TGF-β pathway [131]. Furthermore, in 

TNBC, a notable abundance of tumor-infiltrating lymphocytes (TIL) is observed, attributed to 

somatic mutations. The tumor-infiltrating lymphocytes mainly consists of T-cells such as 

CD4+ helper T cells, CD8+ cytotoxic T cells, and CD4+ regulatory T cells. Elevated TIL levels 

are recognized as marker for comprehensive pathological response in TNBC patients. Notably, 

cancers with higher TILs tend to be estrogen receptor negative [132]. 

Moreover, the bidirectional communication between stromal cells and tumor cells, along with 

immune cells, triggers alterations in the cellular makeup of the tumor microenvironment 

(TME), ultimately promoting cancer cells to undergo metastasis. In addition to metastasis, 

TME also facilitates the transformation of epithelial cells into TNBC stem cells. The interplay 

among these cells within the TME fosters various biological processes that sustain the growth, 

invasion, and angiogenesis of cancer. For instance, T-cells play a role in modulating the 

immune response during the early phases of cancer. Nevertheless, their engagement with tumor 

cells and formation of regulatory T cells (Tregs) contribute to the increased aggressiveness and 

development of cancer [133,134]. These Treg cells release TGF-β, and IL-10 cytokines, 

suppressing the overall immune system. It was observed that they inhibit cellular contact by 

expressing CTLA-4 (cytotoxic T-lymphocyte-associated antigen 4), preventing its detection by 

tumor cells [135].Furthermore, tumor-associated macrophages (TAMs) are natural immune 

effector cells attracted to tumor tissues, playing a role in fostering tumor growth and metastasis. 

They achieve this by facilitating angiogenesis, generating factors that break down stromal 

tissue and suppressing adaptive immunity. Additionally, TAMs diminish the tumor’s 

responsiveness to chemotherapy. Robust clinical evidence indicates that a high concentration 

of TAMs in tumor tissues is associated with an unfavorable prognosis for TNBC and an 

elevated risk of metastasis. These evidences show that TME is biggest challenges for the 
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management of TNBC. Therefore, there is an unmet need of a new strategy to tackle the 

aggressiveness of TNBC[136]. 

2.3.2. 2.4.2. Lack of efficient chemotherapeutic drugs in the management 

A significant challenge in TNBC management is the poor prognosis as it is attributed to the 

absence of surface receptors. Present chemotherapy strategies for TNBC involve the use of 

taxanes, platinum compounds and anthracyclines. The prevailing initial treatment approach for 

TNBC often combines anthracyclines and taxane, followed by capecitabine upon progression. 

While these standard agents demonstrate efficacy in a subset of early TNBC patients exhibiting 

chemosensitivity, individuals with advanced disease typically exhibit a limited response to 

current chemotherapeutic drugs [137]. Despite positive responses to conventional 

chemotherapy protocols, there is a subsequent observation of swift disease progression in many 

cases. The emergence of resistance to chemotherapy is a significant factor contributing to the 

metastasis and recurrence of cancer in TNBC patients. Reports indicate that the presence of 

heterogeneity and chemo-resistant cancer stem cells (CSCs) may be accountable for the 

chemotherapy resistance seen in TNBC patients, leading to metastasis and tumor recurrence, 

ultimately resulting in high mortality rates. The absence of a clinically effective and 

molecularly targeted therapy has created a notable treatment gap, emphasizing the urgent need 

for the identification of new molecular targets and targeted agents for TNBC patients [67]. 

2.3.3. Biological barrier involved towards TNBC 

Despite the availability of the promising chemotherapeutic agents, the delivery of these agents 

to the tumor cells remains one of the major hurdles for the effective therapeutic activity. The 

drug delivery carrier needs to overcome the various therapeutic barriers. The major effect 

shown by these biological barriers are short blood circulation time, poor accumulation and 

penetration in tumor tissues, low cellular uptake, poor organelle uptake[138]. While 

nanocarriers provide numerous benefits, researchers continue to grapple with challenge of 

overcoming both physicochemical and biological barriers [138]. Upon entering the 

bloodstream, nanocarriers experience adsorption of plasma proteins, apolipoproteins and 

immunoglobulins, resulting in the formation of protein corona, a process referred to as 

opsonization. Phagocytes subsequently uptake these nanocarriers bound to the protein corona, 

leading to their clearance from the body. This clearance primarily occurs in organs such as 

liver, lymph nodes and spleen [138]. To reach the tumor site, the nanocarrier must traverse the 

endothelial layer of blood vessels. This endothelial layer consists of a glycocalyx and 
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proteoglycan layer that directs the entry of solutes and macromolecules. The long continuous, 

fenestrated nature of endothelium serves as a barrier for the nanocarrier [139,140].The non-

uniformity of endothelial gaps in tumor blood vessels creates an uneven distribution of 

nanocarriers within the tissue. Nanocarrier accumulation in tumor tissue is influenced by 

perfusion, which is also heterogeneous, contributing to an irregular distribution. Additionally, 

the interstitial tumor matrix acts as a barrier for nanocarriers that do not extravasate into the 

tumor tissue [141]. Extravasation has been identified as reliant on the hemodynamics of 

nanocarriers, though further investigation is required to fully understand its impact. The 

subsequent barrier is the TME, where the interstitial space is composed of collagen, proteins, 

glycosaminoglycans and fibers. Tumor tissue exhibit a higher collagen content compared to 

normal tissues, rendering the extracellular matrix (ECM) exceptionally rigid and restricting the 

entry of nanocarriers into tumor cells [140]. Hypoxic core and interstitial fluid pressure are 

additional factors influencing the distribution of nanocarriers within tumor tissue. Moreover, 

for nanocarriers to penetrate the nucleus and exert their effects, they must traverse the cell 

membrane. The internalization of nanoparticles occurs through endocytosis. If nanocarriers are 

taken up by endosomes and phagosomes associated with the phagocytic and clathrin-mediated 

endocytic pathway, they reach the lysosomes. However, in certain instances, caveolin-

mediated endocytosis had been observed to bypass lysosomes. This particular endocytic 

pathway is utilized by nanocarriers when their surface is functionalized with albumin, 

cholesterol or folic acid [139,142]. In a conducted meta-analysis study, it was approximated 

that the targeting of nanocarriers to the highly enhanced permeability and retention region 

(EPR) of the tumor is below 1%.This low efficiency is ascribed to physiological obstacles, 

including cellular barriers, endothelial barriers, clearance by the mononuclear phagocyte 

system (MPS) and challenges related to endosomal escape [141]. 

2.4.Novel therapeutic approaches against TNBC 

The conventional chemotherapy regimen demonstrates efficacy in the early stages of TNBC 

but their effectiveness diminishes significantly in advanced stages[30]. Traditional therapeutic 

approaches have limitations like adverse side effects, limited specificity and chronic toxicities. 

Additionally, efflux transporters, including the P-gp efflux transporter glycoprotein, pose 

challenges for anti-cancer drugs like anthracyclines and taxanes [143]. The inadequate 

targeting, unfavorable prognosis and drug resistance observed with conventional medications 

for TNBC have spurred scientists’ interest in the exploration and development of novel targeted 
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therapeutics. The suboptimal results linked with TNBC can be attributed to the absence of 

efficient targeted therapies commonly employed for treating ER+/PR+ and HER2+ breast 

cancer subtypes. Due to the limited or absent expression of ER, PR, and HER2 receptors, 

endocrine treatments like aromatase inhibitors and SERMs (selective estrogen receptor 

modulators),as well as anti-HER2 targeted monoclonal antibody therapies like trastuzumab, 

prove ineffective in addressing the TNBC. Consequently, standard cytotoxic chemotherapy 

remains the fundamental approach for systemic therapy in TNBC [144]. Various well-known 

novel treatment strategies are briefly described in figure 2.2. 

Figure 2.1. Pictorial representation of different novel therapies against TNBC (Adopted from the ref.[19]) 

2.4.1. VEGF Inhibitor 

Vascular endothelial growth factor-A (VEGF) is identified as the primary angiogenic factor in 

human cancers. Its role involves stimulating angiogenesis, invasion, and enhancing vascular 

permeability. VEGF facilitates vascular development and angiogenesis in 30-60% of TNBC 

by binding to the VEGF receptor family member 2 (VEGFR-2) (58,59). VEGF function as a 

growth factor ligand, binding to tyrosine kinase receptors, namely VEGFR-1 and VEGFR-2, 

located on endothelial cells. Elevated levels of VEGF expression are correlated with 

unfavorable clinical outcomes in numerous solid tumors, indicating a potential prognostic 

marker for disease progression. In a research investigation, it was noted that mutant p53, in 

conjunction with SWI/SNF, triggers the upregulation of VEGFR-2 expression. Consequently, 



Literature Review 

 

 

Page 28 of 210 

 

targeting mutant p53 could be a viable approach for treating breast cancer .Additionally, 

JAK2/STAT3, recruited by VEGFR-2, can be targeted to deactivate MYC and SOX2 in breast 

cancer stem cells [138]. In a recent investigation, conducted by Zhiwen Xu et al., a monoclonal 

antibody named aNRP2-10 was developed to specifically hinder the binding of VEGF to 

NRP2. This antibody demonstrated antitumor efficacy without inducing toxicity. The 

researchers assessed the impact of aNRP2-10 in a TNBC animal model and observed that it 

was able to inhibit cancer stem cell function and epithelial-to mesenchymal transition. 

Furthermore, aNRP2-10 sensitized cell lines, organoids, and xenografts to chemotherapy while 

impeding metastasis by promoting the differentiation of cancer stem cells to a state that is more 

receptive to chemotherapy and less prone to metastasis. These findings support the rationale 

for initiating clinical trials aimed at enhancing the response of patients with aggressive tumors 

to chemotherapy through the use of this monoclonal antibody. 

2.4.2. EGFR Inhibitors 

The epidermal growth factor receptor (EGFR), a crucial tyrosine kinase receptor within the 

ErbB family, orchestrates a spectrum of cellular functions encompassing proliferation, 

differentiation, angiogenesis, metastasis, and the modulation of apoptosis pathways, thereby 

conferring protection against cell death [139][141]. EGFR serves as a focal point for targeted 

inventions, including tyrosine kinase inhibitors like gefitinib and monoclonal antibodies such 

as cetuximab. Remarkably, a synergistic impact emerges when combining gefitinib with 

docetaxel and carboplatin. Diverse monoclonal antibodies strategically target EGFRs through 

varied mechanisms, including ligand-receptor blockade, inhibition of dimerization, and 

disruption of cell survival signaling pathways. This multifaceted approach undergoes the 

potential for innovative strategies in harnessing EGFR-targeted therapies for enhanced efficacy 

in cancer treatment. [142] 

The antibody-drug conjugate targeting EGFR in TNBC exhibits superior benefits compared to 

treatments involving solely the antibody or chemotherapy alone. This approach effectively 

addresses tumor cell proliferation and impedes DNA repair through modulation of both cell 

and nuclear membranes. Its distinct advantage lies in its selectivity, as it spares normal tissues, 

thereby minimizing undesirable effects. Additionally, this conjugate facilitates the precise 

delivery of small molecules, enhancing its therapeutic efficacy (64). In another study, Yingnan 

Si et al. developed an antibody drug conjugate (ADC) i.e., anti-EGFR- Mertansine using Sulfo-

SMCC as linker and evaluated its efficacy and pharmacokinetics in TNBC animal model. It 
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was found that ADC significantly reduced the tumor growth, and also showed a high circulation 

stability, ultimately it enhances the pharmacokinetic with longer biological half-life. Therefore, 

this evidence suggested that the anti-EGFR ADC has great potential against TNBC. 

2.4.3. PARP Inhibitors 

PARP functions as a  crucial protein for initiating and recognizing damage in DNA, specifically 

for single-strand breaks (SSB).When inhibited, PARP leads to the accumulation of SSBs, 

consequently triggering the formation of double-strand breaks (DSB).In the realm of 

innovative oral anticancer drugs, PARP inhibitors exhibit significant promise in the treatment 

of TNBC, particularly in cases involving BRCA mutations[12]. Currently, there are numerous 

PARP inhibitors available including veliparib, talizumab ,niraparib, olaparib, and rucaparib 

[67]. Recent studies have proven the efficacy of PARP inhibitors in patients with BRCA linked 

TNBC. PARP inhibitors have been demonstrated to enhance the characteristics of both anti-

tumor and pro-tumor macrophages by reprogramming glucose and lipid metabolism through 

the sterol regulatory element-binding protein 1 (SREBF1, SREBP1) pathway. Consequently, 

when PARP inhibitors are coupled with antibodies targeting the colony-stimulating factor 1 

receptor (CSF1R),there is a substantial augmentation in both innate and adaptive immune 

responses [13]. Since that time, there have been noteworthy strides in comprehending the 

mechanisms that enhance tumor sensitivity to PARP inhibitors, leading to the broader 

application of PARPi in the treatment of various cancer types (38). Till date, Olaparib (OLA) 

and Talozoparib are the two PARP agent which have been approved by US-FDA has been 

approved for management of various subtypes of breast cancer(39). These work by inhibiting 

ribosylation of the target protein by modulating the transfer of ADP ribose from NAD+, which 

plays an vital role in DNA repair[145].  

2.4.4. mTOR inhibitors 

In the pathophysiology of TNBC, the activation of mTOR plays a pivotal role in various 

functions that contribute to carcinogenesis. This pathway involves the targeting of AKT,PI3k 

or both PI3K and mTOR [67]. While addressing both mTOR and PI3K can enhance efficacy, 

it also raises concerns about increased toxicity. The pivotal functions of the 

PI3K/AKT/mTOR(PAM) pathway encompasses cell proliferation, survival, migration and 

metabolism, with its involvement in malignant cell transformation being a subject of 

investigation. Ipatasertib, a pan AKT inhibitor targeting phosphorylated AKT, has 

demonstrated synergistic effects when combined with paclitaxel in preclinical studies. Another 
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small molecular AKT inhibitor, capivasertib, exhibits activity even in models with alterations 

in PIK3CA,PTEN and AKT [146]. Additionally, Cretella et al. have highlighted the increased 

anti-tumor efficacy of CDK4/6 inhibitors by combining mTOR inhibitors with impaired 

glucose metabolism. Their findings suggest superior efficacy in combining palbocicib and 

mTOR inhibitors, although further preclinical and clinical studies are necessary to validate 

these results [147]. 

2.4.5. Immunotherapy 

The aggressive nature of TNBC has spurred the development of targeted immunotherapies. 

Unlike other subtypes of breast cancer, TNBC has been identified as immunogenic, prompting 

researchers to explore methods to enhance the host’s immune system. TNBC’s immunogenic 

characteristics encompass a increased mutational burden, increased quantities of TIL and 

elevated expression of programmed death-ligand 1 (PD-L1). The augmented immunogenic 

mutations prompt tumor cells to generate novel antigens. Existing immunotherapy approaches 

for eradicating tumor cells include cancer vaccines, immune checkpoint blockades like PD-

1/PD-L1 inhibitors and CTLA-4 inhibitors, induction of cytotoxic T-lymphocytes, adoptive 

cell transfer-based therapy, and the modification of the tumor microenvironment to bolster 

cytotoxic T lymphocyte activity [148],[149]. Furthermore, Immune Checkpoint inhibitors (ICI) 

represent a promising frontier in immunotherapy. These cell surface membrane proteins, such 

as the programmed cell death-1 (PD-1) receptor found on T-cells, belong to the B7 family of 

checkpoints. Tumour cells express PD-L1, which binds to the PD-1 receptor on T-cells, leading 

to T-cell inactivation and impeding the immune system’s ability to destroy tumors. Researchers 

have developed various anti-PD-1antibodies and therapeutic antibodies targeting PD-L1 to 

disrupt immune regulatory checkpoints. These antibodies activate anti-tumor immune 

responses by blocking these receptors; preventing T-cell inactivation [150][151]. ICI has 

opened new avenues in the treatment of TNBC, with several agents undergoing clinical trials. 

For instance, anti-CTLA-4 mAbs (Ipillimumab) and anti-PD-1mAbs (atezolizumab, avelumab, 

durvalumab) have shown promising initial results, but comprehensive clinical trials are 

essential to establish response rates and assess the long term efficacy of ICIs [152]. J.A. 

Kagihra et al. successfully developed Nab-paclitaxel and atezolizumab for treating PDL-

1positive metastatic TNBC, a combination that received approval from the FDA and enhanced 

progression-free survival in TNBC patients [153]. CTLA-4, also known as CD152, is widely 

expressed in CD8+,CD4+,  FOXP3+ and NK cells, playing a regulatory role in  T-cell mediated 
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immune responses.It associates with B7-1 (CD80) and B7-2 (CD-86) ligands on antigen-

presenting cells, negatively regulating T-cell activation and suppressing T-cell dependent 

immune responses. Agents that block CTLA-4 and activate T-cell dependent immune 

responses have been developed by scientists, although it has been reported that CTLA-4 

inhibitors may have more side effects compared to PD-1 inhibitors. Ipilimumab was the first 

CTLA-4 inhibitor used for melanoma, and Tremelimumab and Ipilimumab are currently under 

investigation for breast cancer. Researchers have explored other immune checkpoint targets, 

including BTLA,VISTA,TIM3,LAG3 and CD47 [151],[11] 

2.4.6. Gene Therapy 

The use of microRNAs (miRNAs) and small interfering RNAs (siRNAs) to silence genes is an 

evolving and swiftly advancing strategy in the treatment of cancer [154]. This method is 

employed for both diagnostic and therapeutic objectives (theranostics). The siRNA delivery 

system has the potential to incorporate imaging agents, such as dextran-coated 

superparamagnetic nanosized particles, enabling non-invasive real-time visualization of 

siRNA delivery to the tumor through magnetic resonance imaging (MRI).The use of siRNA 

labeling in delivery can also assist in monitoring and predicting therapeutic outcome [155]. 

The effective delivery of siRNA poses a significant challenge due to its susceptibility to 

degradation by nucleases, and its negative charge make cellular localization challenging [154]. 

In the study by Alshaer et al. developed nanoparticles guided by aptamers, aiming to target 

CD-44 in TNBC. The core of these nanoparticles comprised a siRNA-protamine complex, 

while the shell incorporated an aptamer ligand designed for the specific targeting of CD-44 

cells. The outcomes demonstrated that this formulation displayed anti-tumor activity[156]. 

MicroRNAs (miRNAs) play a pivotal role in the initiation and progression of TNBC, 

suggesting their potential as diagnostic biomarkers [157]. Generally, tumor cells exhibit a 

downregulation of miRNAs, although certain miRNAs experience upregulation [158]. 

Notably, miRNA558 is overexpressed and the cluster miR-17/92, miR-106b, miR-200 family 

(miR-200a, miR-200b, and miR-200c), miR-155 and miR-21 are highly expressed. In TNBC 

with lymph node metastasis , analysis of lymph node tissues revealed the expression of  six 

miRNAs: miR-627 iR-125a-5P, let-7g, miR-424, miR-579,  and miR-101[31]. A reported 

study demonstrated that combination of  Orlistat-loaded nanoparticles along with doxorubicin 

or antisense-miR-21-loaded NPs significantly enhanced the apoptotic impact compared to 

treatments involving alone doxorubicin, antisense-miR-21-loaded NPs, orlistat-loaded NPs, or 

free orlistat  [159]. 
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2.4.7. PDT 

PDT therapy involves photosensitizers, light activatable molecules, near IR light, and oxygen. 

It comprises of two phases: administration of photosensitizer and light radiation. The 

incubation period lies between these two stages determining the location of the photosensitizer 

release, affecting therapy efficacy [79][160]. The photosensitizer is distributed in both normal 

and tumor cells. However, normal cells eliminate it, whereas tumor cells accumulate it because 

of morphological changes in tumor cells including impaired vasculature and lymphatic 

drainage in the tumor cells [161].Hence, it prevents photosensitizers elimination and leading 

to tumour cell destruction through increased level  ROS which is produced upon activation of 

photosensitizer to triplet-state and then transferring its energy to molecular oxygen [162]. Near-

IR illumination of photosensitizers results in the absorption of photons, forming an unstable 

singlet stage. This unstable state is stabilized by returning to the ground state through 

florescence or internal conversion. This aids in understanding of the pharmacokinetic profile  

of photosensitizers in the body. The excited singlet state can also experience intersystem 

crossing and cause the destruction of tumor tissue through either type 1 or type 2 reactions. 

Type 1 reactions involve electron or hydrogen abstraction from amino acids or guanine in 

nucleic acid or NADPH, resulting in a radical anion that donates electrons to oxygen, producing 

a superoxide anion radical. Type 2 reactions transfer energy to molecular oxygen, resulting in 

singlet oxygen, a ROS. The type of reaction depends on oxygen, substrate concentration, and 

photosensitizer type. Type 2 reactions are more prevalent due to higher energy transfer rates 

[163],[164]. 

PDT represents a promising treatment strategy for TNBC due to its marginal invasiveness, 

precise controllability and high accuracy. It is used to treat various cancers, including breast, 

head and neck, lung, esophageal, oral, and laryngeal cancers. PDT destroys tumor cells via 

three mechanisms depending on the location of the photosensitizer: direct cell death, targeting 

vascular effects, and immune reactions. Cell death mechanisms encompasses apoptosis, 

necrosis, and autophagy, while the other two mechanisms include targeting vascular effects 

and eliciting immune reactions. Apoptosis occurs when the photosensitizer accumulates in the 

mitochondria, increasing permeability and releasing cytochrome c, which is an essential factor 

to activate the caspase-mediated apoptotic pathway. Following PDT damage, released 

cathepsins induce the cleavage of the proapoptotic protein Bid into t-Bid, leading to the release 

of cytochrome c and initiation of intrinsic apoptosis. NPe6 has been identified to demonstrate 

this mechanism. In instances where damage is extensive enough to impair apoptotic pathways 
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and the photosensitizer is situated in the plasma membrane, necrosis becomes prevalent, 

resulting in the release of intracellular materials outside the cell and triggering inflammation 

[163], [165], [166] [167]. 

Autophagy, a protective mechanism, is induced with low PDT damage to cells. Nevertheless, 

if the lysosome undergoes damage, the protective capacity of autophagy is surpassed, resulting 

in cell death. Porphyrins with negative charges, such as phenothiazinium methylene blue, 

NPe6, were observed to concentrate in the lysosome. Lysosome damage triggers apoptosis and 

necrosis. In certain cells damaged by PDT, necroptosis is also initiated due to imbalance in 

intracellular and extracellular homeostasis, influenced by RIPK3 and RIPK1. PDT induces cell 

damage, leading to both apoptosis and necrosis and the release of DAMPs (damage associated 

membrane proteins). These DAMPs consist of calreticulin, arachidonic acid, HSP70 and ATP. 

Tumor antigens bind to heat shock proteins and engage with toll like receptors, activating APC 

(antigen presenting cells). These cells then present antigen to CD4 helper T-cells, activating 

cytotoxic CD8+ cells and resulting in the destruction of tumor cells. The destruction of tumors 

induced by PDT bypasses the resistance mechanisms displayed by tumor cells [164],[167]. In 

a study, Sun et al. fabricated a multifunctional cationic porphyrin-grafted microbubble carrying 

HIF 1 alpha siRNA and administered it through ultrasound targeted PDT for treating TNBC. 

The siHIF cationic porphyrins were transformed into nanoparticles within the body, leading to 

the specific accumulation of siRNA and porphyrin in cancer tissue. The researchers  concluded 

that this therapeutic approach proves effective in management of TNBC [168]. 

2.5.Exploiting synthetic lethality of PARP enzyme in TNBC 

Poly (ADP-ribose) polymerases (PARPs) are a group of enzymes consisting of at least 18 

members. Although distinct genes express these enzymes, they exhibit similarity in a conserved 

catalytic domain[169]. These enzymes can facilitate the catalysis of ADP-ribose transfer to 

specific proteins. PARP1 is the most well-studied constituent within this particular family, 

whereas PARP2 has a tight association with PARP1, sharing a catalytic domain with a 69% 

similarity[170]. PARP1 and PARP2 play an essential role in the repair of DNA damage, while 

other members of this protein family are engaged in a variety of cellular activity, such as, cell 

apoptosis,  cell  differentiation and proliferation, chromatin functions, and maintenance of 

genomic integrity[169]. 

In response to DNA damage PARP is activated along with other DNA-sensing molecules such 

as DNA-PK, ATM, and p53. The activation of PARP-1 is initiated by DNA breaks, leading to 
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the breakdown of NAD+(nicotinamide adenine dinucleotide) into  ADP-ribose and 

nicotinamide. The ADP-ribose molecule undergoes a series of consecutive additions, forming 

complex and branched chains denoted as poly (ADP-ribose) (PAR). The aforementioned 

chains form covalent bonds with acceptor proteins, including histones, DNA repair proteins 

and PARP-1, establishing an interconnected system around DNA breaks. The PAR structures, 

which possess a negative charge, function as a structural scaffold that facilitates the recruitment 

of vital proteins involved in SSBR (single-strand break repair) and BER (base excision 

repair)[171]. 

When DNA strand breaks occur, PARP rapidly interacts with them and undergoes self-

modification. Consequently, the result is the generation of elongated and branching poly(ADP-

ribose) polymers on certain proteins, mainly on the PARP enzyme itself. The aforementioned 

procedure utilizes NAD+ as a substrate and thereby reducing cellular NAD+. The altered poly 

(ADP-ribose) polymerase (PARP), which has an electronegative charge, subsequently 

dissociates from the ends of the DNA. The process of detachment plays a crucial role in 

enabling the advancement of DNA repair processes, hence facilitating the efficient restoration 

of damaged DNA[172]. 

Since, in TNBC with BRCA1/BRCA2 mutation, tumor cells lack homologous recombination 

pathway which control the repair of double-strand breaks of DNA. Therefore, the tumor cells 

become dependent on alternative repair pathways, including PARP-mediated repair. Inhibition 

of PARP enzyme can lead to accumulation of SSB (single-strand breaks), which progresses to 

DSB(double-strand breaks) on DNA replication and subsequently on accumulation can lead to 

genomic instability and tumor cell death[131]. 

2.6. Role of HPPH and Olaparib in management of TNBC  

2.6.1. Photosensitizer: 2-[1-Hexyloxyethyl]-2-devinyl pyropheophorbide-a (HPPH) 

PDT is a therapeutic modality based on the principles of photochemistry that has emerged as a 

minimally invasive method garnering significant attention in recent years as a new therapeutic 

approach for cancer management [173]. PDT involves the generation of cytotoxic reactive 

oxygen species through photoexcitation of photosensitizer molecules by specific wavelength 

of visible light, subsequently resulting in cellular death [174]. 

In current clinical practices, various photosensitizer molecules, including first-generation 

photosensitizers like hematoporphyrin derivatives (HpD) and photofrin, a purified form of Hpd 

and second-generation photosensitizer like benzoporphyrin, purpurines, texaphyrins, 
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protoporphyrin, phthalocyanines, naphthalocyanines and HPPH are in use. Among these HPPH 

is preferred over other photosensitizers due to its preferential accumulation in tumor cells, ideal 

absorption and emission properties in the near-infrared region, high efficiency in generating 

cytotoxic molecules, and long-lasting effects [175]. HPPH (2-[1-Hexyloxyethyl]-2-devinyl 

pyropheophorbide) -a chlorin -based, lipophilic and second-generation photosensitizer. 

Photochlor is being developed as a possible therapeutic option for the management of 

oesophageal cancer. The administration of the substance occurs through the intravenous 

method. Following intravenous treatment, HPPH has a specific tendency to concentrate inside 

the cytoplasm of malignant or pre-cancerous cells. The application of laser light induces a 

photodynamic interaction between HPPH and oxygen, leading to the production of singlet 

oxygen and cytotoxic free radicals. Consequently, cell death is triggered by the mechanism of 

free radical-mediated cytotoxicity. Furthermore, this particular treatment is being researched 

for its potential application in managing SCC (squamous cell carcinoma) of the oral cavity, 

recurrent SCC of the neck and head, invasive cancer of the oropharynx and larynx, breast 

cancer, squamous non-small cell lung cancer, adenocarcinoma in Barrett’s oesophagus, and 

basal cell cancer. 

Physiochemical Properties of HPPH 

IUPAC Name :  2-1-hexyloxyethyl-2-devinyl pyropheophorbide-

a  

CAS Registry Number :  149402-51-7  

Empirical Formula :  C39H48N4O4 

Structure :      

 

 

 

 

 

 

 

 

Molecular Weight  :  636.837 g·mol−1 

Therapeutic Class  : Second- Generation Photosensitizer 

Appearance  : Black solid powder 

https://commonchemistry.cas.org/detail?cas_rn=149402-51-7
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Solubility : Soluble in DMSO, not in water 

Partition Coefficient (LogP) : 5.6  

Proprietary Name  : Photochlor 

Marketed as  :     Powder 

 

Limitations associated with HPPH 

HPPH has certain limitations including, photoinstability, quick photobleaching, less aqueous 

solubility, poor pharmacokinetics, and phototoxicity which are severe obstacles against clinical 

translation of this drug. Therefore, researchers are focusing more on development of novel 

formulation to overcome the above-mentioned limitations. 

2.6.2. OLA:  A selective PARP (Poly (ADP-ribose) polymerase) inhibitor 

PARPi (PARP inhibitors) are the novel cancer drugs approved for their precise targeting of the 

DNA damage response in cancers with BRCA1/2 mutations. It is a highly selective PARP 

inhibitor, explicitly targeting PARP1 and PARP2. Commercially, it is known as Lynparza, is 

indicated for treating cancers linked with BRCA gene mutations, with significant anti-tumor 

activity used in breast cancer with or without a BRCA1/2 mutation which has been used for 

treatment of various cancers, specifically ovarian and breast cancer. It can kill cancer cells via 

inhibiting DNA synthesis or ROS induced apoptosis cell death mechanism [176]. The PARP 

family plays crucial roles in various cellular processes such as transcription regulation, control 

cell death mechanism and the DNA damage response. PARP1 possesses poly (ADP-ribose) 

activity and when activated by DNA damage, adds branched PAR chains to facilitate the 

recruitment of other repair proteins to promote the repair of DNA ssb [177]. 

Properties of OLA 

IUPAC Name : 4-[[3-[4-(cyclopropanecarbonyl)piperazine-1-

carbonyl]-4-fluorophenyl]methyl]-2H-

phthalazin-1-one  

CAS Registry Number : 763113-22-0                             

Empirical Formula : C24H23FN4O3 
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Structure : 

   

 

Molecular Weight  :  434.5 g/mol 

Therapeutic Class  : Antineoplastic Agent  

Appearance  : White to pale yellow crystalline powder 

Solubility : 0.1 mg/mL in aqueous media. Poorly soluble and     

pH independent  

Melting Point  : 206°C 

pKa  :   12.07 

Partition Coefficient (LogP) :   1.49  

BCS Classification  :   Class IV 

Proprietary Name  :   Lynparza 

Marketed as  :   100 mg, 150 mg film-coated tablets. And 50 mg 

capsules. 

Therapeutic Indications of OLA 

▪ The use of OLA is recommended for treating elderly women patients who have been 

identified with advanced fallopian tube, primary peritoneal or epithelial ovarian cancer. 

These patients must have either confirmed or suspected detrimental somatic or germline 

BRCA mutations, and must also be in a state of partially or complete response to 

platinum-based chemotherapy [178]. 

▪ OLA is advised for adult patients dealing with high-risk early breast cancer, exhibiting 

deleterious or presumed detrimental gBRCAm HER2 negative status. It is 

recommended for those individuals who have undergone neoadjuvant or adjuvant 

chemotherapy [179]. 

▪ OLA is authorized for the maintenance therapy of adult patients with metastatic 

pancreatic adenocarcinoma characterized by deleterious or suspected deleterious 

gBRCAm provided their condition shows no progression after completing at least 16 

weeks of initial platinum-based chemotherapy [180]. 

▪ The FDA has granted approval for the use of OLA as a kind of maintenance therapy in 

adult individuals with advanced pancreatic adenocarcinoma. This approval is 

specifically for patients whose illness has not shown progression for a minimum of 16 
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weeks after first treatment with a platinum-based chemotherapy regimen. Additionally, 

these patients must possess deleterious or suspected harmful hereditary BRCA-

mutations [10]. 

Limitations associated with OLA 

Olaparib is a promising drug in improving therapeutic outcomes for cancer patients but several 

limitations are also associated with OLA such as lack of targeting a tumour site, poor 

bioavailability (12-17%), shorter biological half-life (6-10 h), in vivo instability, and toxicity. 

Moreover, with the passage of time during the treatment some cancer cells might develop 

resistance to PARP inhibitors which can subsequently affect the effectiveness of the therapy. 

Along with above limitations, side effects such as nausea, fatigue, vomiting and anaemia, also 

generate greater hindrances against its clinical translation. Therefore, researchers are focusing 

more on development of better delivery approaches to overcome the above-mentioned 

limitations. 

2.6.3. Modulation of PDT action via inhibition PARP enzyme 

As already mentioned earlier, PDT has great potential as a viable approach for treating tumor 

cells due to its notable selectivity. Colocalizing light, oxygen, and photosensitizer produce a 

significant quantity of reactive oxygen species (ROS) when excited by a laser at a specific 

wavelength. This phenomenon can cause DNA damage and effectively eradicate cancer cells 

[181]. However, the repair mechanism shown by tumour cells constraints on the further 

advancement of photodynamic therapy (PDT) [182]. PDT is impeded by the action of PARP 

enzyme which is involved in the repair process of DNA by binding to the specific location of 

single-strand damage on the DNA molecule. These PARP family enzymes have intricacy in 

the process of PARylation (poly-ADP-ribosylation), whereby they transfer ADP-ribose units 

from NAD+ to proteins that serve as substrates. This process facilitates the repairation of DNA 

SSBR through BER (base excision repair). Administration of PARP inhibitors along with PDT 

play a synergistic role in the death of the tumour cells as the inhibition of PARP enzyme results 

in the accumulation of DSBs on DNA replication. Subsequently, this process promotes 

genomic instability and triggers death in tumour cells [183]. Additionally, it is important to 

mention that PARP inhibitors have the capacity to induce the inactivation of PARP as well as 

to effectively sequester PARP at the specific location of DNA damage, ultimately culminating 

in cellular death [184]. In the absence of adequate repair mechanisms, SSBs can develop into 

DSBs that are harmful to the cell. The repair of these DSBs necessitates the involvement of 

BRCA1/2 proteins, which facilitate the homologous recombination (HR) pathways for repair. 
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Further, the efficacy of PARP inhibitors in producing synthetic lethality is credited to the 

absence of homologous recombination mechanisms in BRCA-mutated cancer cells [185]. 

Consequently, the combination of photodynamic treatment (PDT) along with poly (ADP-

ribose) polymerase (PARP) has the potential to significantly increase the therapeutic efficacy 

of PDT. This synergistic approach would intensify DNA damage and hamper the regenerative 

capacity of tumour cells. Moreover, the development of resistance to photodynamic therapy 

(PDT) might be facilitated if the tumour tissue is not rapidly eradicated during the first PDT 

sessions. This poses a challenge to the effectiveness of the treatment, mostly due to the 

activation of cellular redox defenses and repair mechanisms. The precise mechanism behind 

photodynamic therapy (PDT) resistance remains elusive; nevertheless, in vitro experiments 

have shown that resistance may arise through activation of the poly (ADP-ribose) polymerase 

(PARP) damage-repair signaling pathway [186]. Additionally, photodynamic therapy (PDT) 

not only cause direct harm to the DNA of tumour cells but also to initiate a process known as 

immunogenic cell death (ICD).  In brief, death of the tumor cells triggered by photodynamic 

therapy have the potential to synthesize a group of death signaling molecules such as DAMPs 

(damage-associated molecular patterns). These damage-associated molecular patterns can 

attract APCs (antigen-presenting cells) to engulf and break down tumour cell antigens. This 

process triggers the activation of T lymphocytes, leading to an immunological response against 

the tumour [187]. On the other hand, after the administration of PARP inhibitors, elevation in 

cytoplasmic DNA levels is observed. Increased levels of cytoplasmic DNA, in turn, trigger the 

activation of the cGAS-STING (cyclic guanosine monophosphate-adenosine monophosphate 

synthase-interferon gene stimulator) pathway, leading to a sequence of interconnected 

biochemical responses. These responses lead to the generation of type I interferon as well as 

other immune mediators. These immune mediators together with DAMPs attract and stimulate 

APCs to eliminate cancer cells. Hence, the PARP inhibitors play the crucial role to enhance 

the effectiveness of photodynamic therapy (PDT).  

2.7.Role of nanomedicine in TNBC treatment 

As mentioned in the earlier section, there has been significant research is going on in 

developing new therapeutic molecules for the treatment of the TNBC. However, delivering 

these molecules to the target cells are another challenging as most of these molecules lacks 

specificity. Being a cytotoxic agent, delivery of these molecules to the normal cells leads to the 

various side effects. Further, for the optimum therapeutic effect, these drugs need to be 
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delivered to the target site in the desired rate along with desired pharmacokinetic profile. Over 

the period of time various drug delivery systems has been developed for the efficient delivery 

of these chemotherapeutic molecules. Nano-scale delivery carriers not only showed the 

promising means of efficient delivery of these molecules but also addresses various limitations 

which has been associated with the chemotherapeutic agents. Nano carriers offer several 

advantages particularly in the management of cancer, which includes: 

• The nanoscale (usually in the range of 1 to 200 nm), showed the increased selectivity 

towards cancer cells in comparison with normal cells due to the EPR (enhanced 

permeability and retention) effect. It has been well established that, the tumor cells 

display increased permeability in their blood vessels due to structural and membranal 

deformations. This feature provides the selective advantage for the nano scaled carriers 

to selectively accumulate in the tumor cells compared to the normal cells [143]. 

• Nano carriers improved therapeutic index by reducing the drug distribution to non-

targeted organs and overall distribution in targeted tumor cells, thereby enhancing the 

overall treatment efficacy [144] 

• Nano carriers can be formulated from the polymeric, lipidic or hybrid biomaterials, 

which provides the further advantages of modulating the property of the nanocarrier 

system as per the characteristics of the molecules [138],[188] 

• The targeting moiety can be efficiently designed in the nano carrier systems for the 

targeting delivery [140]. 

 

2.8. Lipid-Polymer Hybrid nanoparticle: a hybrid strategy for drug delivery 

LPHNs are a new class of hybrid lipid-polymer nano-carriers which combines and 

encompasses more benefits than individual lipidic as well as polymeric systems, including 

increased drug loading, biomimetic system, superior therapeutics and better release profile. 

These systems on the basis of structure are classified into four classes: polymer-caged 

liposomes, monolithic, biomimetic lipid-polymer nanoparticles and core-shell. Polymer-caged 

liposomes are formed by anchoring polymers on the surface of liposomes. They are primarily 

used in drug delivery, vaccine adjuvants, gene delivery, RNAi, and diagnostic agent delivery. 

Researchers are interested in their applicability for both small molecules (chemotherapeutics) 

and macromolecules (proteins, peptides, and vaccines) due to their unique characteristics. In a 

monolithic system, polymeric matrix consists of evenly distributed lipids, which together form 

a core for the loading of hydrophobic molecules. Biomimetic lipid-polymer nanoparticles, also 
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knowns as erythrocyte membrane-camouflaged nanoparticles are composed of RBC’s 

membrane coated onto the polymeric core. Core-shell type hybrid systems, lipids are layered 

on polymeric core to generate lipid shells that encircle the polymeric core. These kinds of 

systems are also altered so that lipids are used to create a central hollow core, which is 

surrounded by a polymeric shell and then a lipid shell. [139]. 

Each component of LPHNs has their own unique benefits and importance which can be further 

improved by controlling the composition of each layer for the required pharmaceutical 

purposes. The single or multiple lipid layer not only provides sustained drug delivery but also 

prevents the outward diffusion and burst release of drug which can occur with the polymeric 

nanoparticles [141]. Additionally, the lipid coating can encapsulate hydrophobic drugs and help 

drugs pass across the biological barrier, which is frequently a significant barrier to medication 

delivery to the target site [142]. On the other hand, a core shell structure provides 

supplementary benefits to the polymeric nanoparticles. A polymeric core can encapsulate 

hydrophilic drugs and provides mechanical strength, high structural integrity and controlled 

release advantages to the LPHNs [189]. Furthermore, the outer layer of LPHNs can be surface 

engineered with ligands or antibodies which helps in recognizing and binding to specific cell, 

minimizing off target side effects and subsequently enhances efficacy and bioavailability of 

drugs. Owing to their property to encapsulate both hydrophobic and hydrophilic drugs resulting 

in increased drug loading capacity and make LPHNs an interesting nano-carrier system [19]. 

2.9. Surface engineered active targeting moiety for the management of TNBC 

2.9.1. Biotin receptor targeting ligands in TNBC 

Actively targeted delivery of anticancer drug and photosensitizer is governed by the 

recognition of the type of receptor expressed on to the surface of breast cancer cells. Receptor-

mediated drug delivery approach serves as an important therapeutic strategy in the area of 

active targeting for delivering actives selectively to cancer cells resulting in improved 

suppression of tumor growth in comparison to non-targeted drug delivery. Adopting such a 

tumor-selective strategy could be very helpful in reducing the off-target cytotoxicity associated 

with the non-selective distribution of chemotherapeutic agents to normal healthy tissues, 

thereby eliminating unnecessary exposure to normal cells resulting into their lower IC50 values 

and enhance the therapeutic potential. Amongst various types of receptors overexpressed on 

breast cancer cells, folate receptor, biotin receptor, transferrin, ICAM1 and EGFR receptors 

are commonly present with triple-negative breast cancer (TNBC) [12]. Several findings 

suggested that amongst all the receptor, biotin is showing highly expression due to necessary 



Literature Review 

 

 

Page 42 of 210 

 

for nucleic acids and DNA synthesis. Further, biotin and its substituents are an essential 

component and required in large quantities for the biosynthesis of amino acid, nucleotides and 

methylated substances in rapidly proliferating cells. Apart from breast cancers, including 

ovarian, lung and colorectal. Thus, biotin can be used as a promising targeting site for selective 

accumulation of actives in cancer cells. For achieving active targeting, functionalized onto the 

surface of the nanocarrier system. Further, it was hypothesized that coupling this active 

targeting approach with combination therapy using gene and the cytotoxic drug might serve as 

a promising approach for effective management of breast cancer, especially, TNBC. 

In a study Nosrati et al., prepared the biotin targeted nanoparticle for artemisinin for treatment 

of breast cancer. The formulation was tested in a TNBC cancer cell line (4T1) mice model, 

resulting in a significant this formulation significantly increases the accumulation of substances 

in the tumour and reduction in tumor volume on treatment with biotin decorated micelle 

compared to non-targeted nanoformulation or free drugs [67]. Furthermore, in another study 

Mehdizadeh et al. developed a biotin modified PLGA for   SN-38 for the treatment of cancer. 

Results suggested that there was a rapid and selective uptake of biotin decorated PLGA 

nanoparticle in the cancer cells with enhanced in-vitro tumor activity [13]. 

2.9.2. Mitochondrial active targeting ligand – triphenylphosphine (TPP) in TNBC 

In biological system, mitochondria take part a vital role in the cell’s ability to regulate to the 

changing microenvironments and any pathological changes related to its functions, causing 

severe array of illnesses, including cancer, diabetes, obesity, atherosclerosis etc. Further, in 

tumor cell, mitochondria involve in various metabolic pathways such as glucose, glutamine 

and FA oxidation, for the development and progression of cell. Hence, its dysfunction has been 

recognized as a possible therapeutic target for TNBC therapy.  Now a days, considering all the 

active targeting strategy, mitochondrial targeting is becoming an evolving field of TNBC 

management due to promising its outcomes. This targeting strategy provide less adverse effects  

by preventing its action in non-targeted sites. There are several chemical entities providing 

mitochondrial targeting such as TPP, pyridinium, or cationic peptides etc. Among all, TPP is 

the most commonly used as a chemical mitochondrial targeting signal, because it not only non-

toxic nature to normal fibroblasts, but also potentially target the CSC propagation. In a research 

study, Zhang and colleagues created a theranostic system with mitochondrial targeting and 

aggregation-induced emission (AIE), enabling both targeted imaging and treatment for cancer. 

They found developed system offering enhanced ROS production against the HeLa and MDA-

MB-231 cell line. Also, they observed, combination cancer therapies guided by imaging, 
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without the need for traditional drug conjugation, which could gain advantages from 

multifunctional systems that are less prone to developing drug resistance. Therefore, these 

results suggested that TPP-targeted theranostic system would increase the ROS production and 

enhanced cancer cell death than the unconjugated nanoparticle. 

 

Taken all together, in order to develop a novel therapy in management of TNBC, the functional 

status of DNA repair mechanisms has to be taken into account. BRCA1/2 gene is involved in 

repairing DNA double-strand breaks and mutations in this gene has strong associations with 

TNBC. BRCA1/2 gene mutation causes faulty DNA repair and subsequently leads to error 

prone DNA replication, which in turn is believed to be a possible cause of TNBC. Basically, 

major mechanisms involved in DNA repair includes Non-homologous end joining (NHEJ),  

Base Excision Repair (BER), Nucleotide exchange repair (NER),Mismatch repair (MMR) and 

Homologous recombination (HR).These major DNA repair pathways exhibits overlapping 

function in their mechanisms, which play a crucial role in maintaining the genomic stability 

even when a defect in either one of these pathways exists. Therefore, TNBC shows resistance 

mechanisms due to the presence of these alternative DNA repair pathways. Further, among all 

the novel, PDT can be promising therapeutic strategy to treat the TNBC.  

Photodynamic therapy, which is being invested in preclinical and clinical studies has shown 

potential advantages in TNBC by selectively targeting and killing tumor cells with minimal 

invasiveness and limited systemic toxicity. In PDT, tumor cells when exposed to light of 

specific wavelength in the presence of oxygen and photosensitizer induced the generation of 

reactive oxygen species. The generated ROS led to DNA single-strand breaks. However, if the 

tumor cells are not eradicated in the first PDT session itself, the repair mechanism shown by 

PARP enzyme via base excision repair serves hindrance on the further advancement of PDT. 

Evidence suggests that the inhibition of PARP enzyme by PARP inhibitor not only sequesters 

PARP at the DNA damage location but also play a synergistic role in facilitating the death of 

the tumor cells. Therefore, we have used HPPH as a photosensitizer molecule and OLA 

mediated PARP inhibition to see if there is enhancement in ROS generation and this synergistic 

combination can overcome the PDT resistance shown by the tumor cells in TNBC. In this 

research work, we have used HPPH as Photosensitizer for PDT therapy to eradicate the tumor 

cell via ROS mediated pathway and further, also used Olaparib, a selective PARP inhibitor 

which can enhance the ROS base apoptosis for cancer cell death. We also evaluated if any 

possibility of therapeutic synergistic effect or additive effect with combination of these two 
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drugs for TNBC treatment as PARPi works to resolve the problem associate with PDT 

resistance. In spite of the advantage of HPPH and OLA, these two molecules have certain 

limitation including low solubility, poor pharmacokinetics, limited cellular uptake into the 

target cells, and clinical side effects including DNA damage to the normal cell. Hence, to 

overcome the pharmacokinetic and pharmacodynamic issue along with adverse events 

associated with these two drugs; a tumor targeted drug delivery system will be a possible 

approach to minimize the toxicity and increased efficacy.  

Therefore, in the current research, we have employed a lipid-polymer hybrid nanoparticulate 

system which is surface factionalized with a biotin to impart better efficacy via increasing the 

site-specific accumulation of HPPH and OLA. Additionally, we also aimed to evaluate if any 

synergist antitumoral efficacy exist between these two drugs against TNBC. Finally, we also 

developed a co-encapsulated HPPH and OLA LPHNs which is decorated with 2-different class 

chemical ligand (i.e., mitochondrial targeting ligand, and Biotin receptor targeting) to improve 

the therapeutic efficacy along with   minimum toxicity
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Gaps in existing research and hypothesis 

3.1. The Gap in Existing Research 

Several studies stated that lack of expression of surface receptor such as ER, PR or HER2 

proteins leads to development of TNBC. The majority of TNBC cases is because of mutation 

in BRCA. In spite of several therapeutic strategies, an effective management for complete 

recovery from TNBC seems to be far away. Till date, only available therapies for TNBC are 

chemotherapy but it has several limitations like non-selective targeting, resistance issue due to 

efflux transporter and severe systemic toxicity. Hence, research has moved forward to find 

novel drugs to counter chemoresistance and decrease the risks associated with anti-cancer 

drugs. Thus, discovering new therapeutic approach is an unmet need for efficient clinical 

management of TNBC. 

In this regard, HPPH (PDT) is getting much attention as it is a localized and non-invasive 

treatment method that has undergone exploration for potential benefits in cancer therapy. This 

photosensitizer (HPPH) accumulates in cancer cell and on an exposure to a particular 

wavelength of light, generate reactive oxygen species (ROS) which can eventually kill cancer 

cell. However, HPPH has certain limitations which includes aggregation in physiological 

condition, quick photobleaching, low solubility, limited cellular uptake into the target cells, 

and phototoxic side effects including DNA damage to the normal cell. Along with that, the 

clinical challenges i.e., development of resistance to PDT might be facilitated if the tumour 

tissue is not rapidly eradicated during the first PDT sessions. This poses a challenge to the 

effectiveness of the treatment, mostly due to the activation of cellular redox defenses and repair 

mechanisms. The precise mechanism behind PDT resistance remains elusive; nevertheless, in 

vitro experiments have shown that resistance may arise through activation of the PARP 

damage-repair signaling pathway.  Hence, the inhibition of PARP may possibly augment the 

PDT response. Therefore, the co-administration of a PARP inhibitor (PARPi) along with PDT 

may exert a synergistic or additive role in the killing of tumour cells. Amongst all the PARPi, 

Olaparib (OLA) is one of the US-FDA approved drug for breast cancer with or without a 

BRCA1/2 mutation which acts by inhibiting DNA synthesis and ROS induced apoptosis. it is 

important to mention that OLA have not only the capacity to induce the inactivation of PARP 

but also to effectively sequester PARP at the specific location of DNA damage, ultimately 

culminating in cellular death. While, OLA might be possibly encouraging the efficiency of 

PDT but it has certain major limitations in effective clinical translation. These includes less 

aqueous solubility, stability issue in biological system along with the poor pharmacokinetic 

profile (low bioavailability, low biological half-life, etc.). Further, these overall drawbacks of 
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both HPPH and OLA can be circumvented by the employment of advanced targeted drug 

delivery system for the effective management of TNBC. Therefore, there is an unmet need of 

development novel therapeutic strategies to improve the drug availability at tumor site and 

alternatively which can encourage anti-tumor activity. On this basis, the surface modified 

active targeted nanocarrier systems signifies a promising strategy for enhancing the delivery 

and efficacy of HPPH and OLA. Furthermore, their combination approach i.e., co-delivery of 

HPPH and OLA may synergies their therapeutic benefits. However, still there is still a 

significant gap in the research regarding the optimal formulation and design of nanocarrier 

systems for efficient HPPH delivery for the management TNBC. 

3.2. Objectives of the proposed research 

On basis of identified gaps in the existing research, the present research work was focused on 

preparation and evaluation of nano-based platform i.e., surface modified lipid-polymer hybrid 

nanoparticles (LPHNs) for delivery of HPPH, OLA and their combination of HPPH and OLA 

for the efficient management of TNBC. The objective of the proposed research was categorized 

and prioritized into the areas that require further investigation and development. 

 

Objective 1: To investigate the therapeutic potential and pharmacokinetic studies of HPPH 

and OLA-alone and in combination using in vitro and in vivo studies 

 

Objective 2: To improve the efficacy, biodistribution and circumvent pharmacokinetic 

limitations of HPPH and OLA by developing tumor targeted lipid-polymer hybrid 

nanoparticles 

 

Objective 3: To develop and characterize HPPH and OLA co-loaded tumor targeted lipid-

polymer hybrid nanoparticle and evaluate its therapeutic efficacy, pharmacokinetic and 

biodistribution advantages in TNBC condition.



 

MATERIALS AND METHODS 
 

 
  





Materials and Methods 

 

 

Page 47 of 210 

 

 

4. Materials and Methods 

 

4.1. Materials used for the Experiments 

 

4.1.1. In vitro Cell line 

4T1 tumour cell lines were procured from National Centre for Cell Science (NCCS), Pune, 

India. Further, the cell line was cultured in DMEM/F12 (Dulbecco’s Modified Eagle’s 

Medium/ Ham's F-12) which contains 10% fetal bovine serum (FBS) and 1ml/L of antibiotics 

(penicillin - streptomycin) solution. After 70% confluency, cells were passaged in above 

mentioned media and incubated at 37˚C and 5% CO2.  

4.1.2.  Animals 

All experimental animals (Balb/c; females; 4-6 weeks; 20–30 g) were obtained from the central 

animal facility, BITS-Pilani, Pilani campus, India (417/PO/ReBi/2001/CPCSEA) to conduct 

the in-vivo study. The animals were housed in polyacrylic cage under optimized conditions (2 

h light/dark cycle, 22 ± 1°C with 60% relative humidity) with normal feed and purified water 

ad libitum at the central animal facility. All in-vivo experiments were conducted as per 

Institutional Animal Ethic Committee (IAEC) guidelines of BITS-Pilani, Pilani campus, 

Rajasthan, India (Approved protocol number: IAEC/RES/23/09).  

4.1.3. Chemicals and reagents 

HPPH was obtained as a gift sample from Chemical Biology Laboratory, NCI-NIH Frederick, 

MD, USA. OLA was provided by Cipla Pharmaceutical Pvt. Ltd. (Mumbai, India) as a 

generous gift sample. The solvent and reagents including HPLC/LC-MS/MS grade methanol, 

acetonitrile, dichloromethane, Glacial acetic acid and ammonium acetate were purchased from 

Merck, Limited, Mumbai, India. 1, 2-bis (10, 12 tricosadiynoyl)-sn-glycero-3-phosphocholine 

(DC89PC) was procured from Avanti® Polar Lipids, USA. NH2-PEG-PLGA (Mn. 10-15 kDa) 

and Stearylamine were obtained from Sigma-Aldrich, Mumbai, India. Nitrocellulose 

Membrane Filter (0.22µm) was acquired from Merck Limited (Mumbai, India). Milli-Q water 

(Deionized) was collected from in-house Millipore Direct-Q ultra-pure water system 

(Millipore, Bedford, USA). All other chemicals were acquired with an analytical standard 

grade from authorized vendor. 
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4.1.4. Instrument / Equipment used  

All the instruments /equipment used in the present research work were mentioned in Table. 

4.1. 

Table 4.1: List of instruments/ equipment with manufacturer's name used to conduct the experiments. 

Instrument / Equipment name       Manufacture’s/ Company name 

 

Ultrasonic microtip processor : Vibra-CellTM, Sonics®, USA 

Magnetic stirrer with a hot plate and : Tarsons, India or Remi, India 

temperature controller 

Rota vacuum evaporator : Rotavapor R210, Buchi, Switzerland 

Ultrasonic bath sonicator : Toshiba, India 

Temperature-controlled centrifuge : Eppendorf biotech company, Germany 

Ultra-centrifuge, Freezer (-20 °C, -80  : Thermo Scientific, USA 
°C), CO2 incubator, Biosafety cabinet 

Triad Freeze Dry System : Labconco, USA 

Malvern Zetasizer, nanoZS : Malvern, UK 

Field emission Scanning microscope : FEI limited, USA 

Confocal Laser Scanning Microscope : Carl Zeiss 

High Resolution-Transmission : Technai FEI, USA 

Inverted microscope : Zeiss, India 

Microplate reader : Bio Tek ELXS0, Epoch 

UV spectrophotometer : UV-1800 Shimadzu, Japan 

Bruker alpha-one FTIR : Bruker Optik, Germany 

DSC-60 plus : Shimazu, Kyoto, Japan 

Centrifuge : Eppendorf 

ELISA Plate reader : Bio Tek, Agilent, USA 

High-performance liquid chromatography : Shimadzu, Kyoto, Japan 

Liquid chromatography-mass spectrometry : Waters Corporation, USA 

 

4.1.5. Software used  

All the software used in the research work were mentioned in Table. 4.2.  

Table 4.2: List of software used to conduct the experiments 

Software      Company Name 

Origin : Origin Lab Corporation, USA 

Phoenix Win Nolin : Certera™ Pharsight, USA 

Graph Pad Prism : Dotmatics, California 

Flow Cytometry : Beckman Coulter Life Sciences, USA 

 

 

Methods 

4.2. Analytical development for estimation of HPPH using RP-HPLC 

4.2.1.  Instrumentation and Chromatographic condition 

The analytical method development was performed using a RP-HPLC system (Shimadzu LC-

2010HT HPLC, Japan). The data acquisition and the data integration were recorded using Lab 
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solution software (Shimadzu Corporation, Japan). The chromatographic separation of HPPH 

was done at ambient temperature using two different columns i.e., Durashell C18 (250×4.6 mm 

i.d., 5 µm particle size) column and X BridgeTM Shield RP 18 (50×4.6 mm i.d, 5 µm particle 

size) column. Furthermore, elution systems of analytes were done with the two mobile phase 

of ACN–ammonium acetate buffer (pH: 4.0) and sodium phosphate buffer (pH: 4.0) in an 

isocratic mode with a ratio of 80:20 (v/v) at a flow rate of 1 mL/min for the analysis. The 

analyte was monitored at 406 nm. The sample temperature for this method was maintained at 

ambient temperature(25°C) and 20 µL of injection volume was kept for the sample analysis. 

4.2.2 Preparation of stock and working standard solution 

Primary stock solutions of 1 mg/mL HPPH were prepared in ACN. The aliquots of the 

reference compound were taken from primary stock solutions with suitable dilution by using 

diluent i.e., ACN to obtain the final calibration standard of 50-2000 ng/mL of HPPH. Further, 

quality control (QC) samples at four different concentrations (75 ng/mL as LQC, 300 ng/mL 

as MQC 1, 900 ng/mL as MQC 2, and 1800 ng/mL as HQC) were also separately made in four 

replicates, independent of the calibration standards. Quality control standard and unknown 

samples were determined by using the calibration curve to obtain the concentrations of the 

respective analytes. The standard solutions were analyzed and chromatograms were recorded 

using LC solution software[190].  

4.2.3 Method validation of HPPH 

All the validation parameter such as system suitability test, selectivity, specificity, linearity, 

accuracy, precision, sensitivity  and robustness were conducted as per the International 

Conference on Harmonization (ICH) guidelines Q2 (R1)[190,191]. 

4.2.3.1 System suitability test 

This system suitability test was applied to ensure the instrument suitability for the 

chromatographic conditions. This study was performed using six injections of specific standard 

solutions of standard (MQC 2: 900 ng/mL). The obtained chromatograms were used for the 

calculation of different system suitability parameters such as peak symmetry, % relative 

standard deviation (% RSD), resolution, and theoretical plates. Moreover, the specificity of 

HPPH was also performed to verify different parameters like column efficiency, resolution, 

retention time, and peak tailing of the chromatographic system[190–192]. 

4.2.3.2 Specificity 

The specificity study for the developed method was studied by examining HPPH in the 

presence of different excipients such as lipid, polymer, surfactant and or solvents. Briefly, 
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Blank NP were prepared and added to the solvent (Acetonitrile,) containing a known amount 

of HPPH. The above sample was vortexed properly for 10 min and centrifuged with 5018× g  

for 10 min. Afterward, supernatant was analyzed using the developed RP-HPLC-UV method 

for HPPH[193]. 

4.2.3.3 Linearity and range 

The linearity for HPPH was performed with six times at different concentration points 

including 50, 100, 200, 400, 800, 1000, 1500 and 2000 ng/mL. The peak area response of all 

the concentrations were recorded and calibration curves  were plotted  between the peak area 

response versus concentration[194,195]. 

4.2.3.4 Accuracy and precision 

Accuracy and precision (intra-batch and inter-batch) of the developed method were performed 

within five days at four different quality control levels of concentration i.e., lower quality 

control (LQC), medium quality control 1 (MQC 1), medium quality control 2 (MQC 2), and 

high-quality control (HQC) of HPPH. The accuracy and precision were calculated in terms 

of %RSD and %bias as per the analytical regulatory guidelines[193,196,197]. 

 4.2.3.5 Sensitivity 

Based on signal-to-noise ratio (S/N) of the response of an analyte, LOD and LOQ was 

calculated for the determination of sensitivity of HPPH. According to ICH Q2 (R1) guidelines, 

the S/N ratio should be greater than 3 for the limit of detection (LOD) and greater than 10 for 

the lower limit of quantification (LOQ).  

 4.2.3.6 Robustness 

The three different parameters including the effect of flow rate, the effect of mobile phase ratio, 

and pH of the buffer were used for the determination of robustness of method[198,199]. 

Moreover, the effect of flow rate was studied at 0.8 mL/min and 1.2 mL/min instead of 1.0 

mL/min. The effect of mobile phase composition was assessed at (ACN: 10 mM ammonium 

acetate: 85:15 v/v) and (ACN:10 mM ammonium acetate 75:25, v/v) instead of (ACN:10 mM 

ammonium acetate 80:20, v/v). Consequently, pH was also determined with two different 

values (3.8 and 4.2) instead of the optimized value i.e., pH 4.0 at the flow rate of 1 mL/min. 

The %RSD of robustness testing under these conditions was calculated as per regulatory 

guidelines[192]. 

 4.2.3.7 Stability studies of the developed analytical method 

The stability of the HPPH was studied by exposing the sample to different storage conditions. 

Stability studies were performed with different conditions such as bench-top stability (7 hr.), 
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auto-sampler stability (24 hr.), short-term stability (14 days), stock solution stability (10 days), 

and long-term storage (180 days) for HPPH as per the international standard analytical 

guideline. These studies were conducted in three replicates at four different QC levels (LQC, 

MQC1, MQC2, and HQC). All stability studies were compared against a freshly prepared 

calibration curve [190–192]. 

4.2.3.8 Forced degradation studies 

A standard drug solution of 1 mg/mL was prepared by adding 5 mg of the drug into 5 mL of 

ACN. Further, aliquots of 500 ng/mL of HPPH were prepared from standard stock solution 

using ACN as the diluent and used for forced degradation studies. In brief, a drug solution of 

500 ng/mL of HPPH was dissolved into 1 mL of the 1N HCl and the same procedure was also 

followed for 1N NaOH. Then both the solution was incubated for 1.5 h in a rotary shaker under 

ambient conditions and evaluated for acidic and alkaline degradation. For the oxidative study 

of HPPH, 30% w/v of hydrogen peroxide (1 mL) was added to 1 mL of 500 ng/mL of HPPH 

and further, the sample was incubated for 15 min at ambient temperature. For thermal 

degradation, the drug solution was exposed to 80º C for 5 h in a hot air oven. Similarly, the 

stock solution was exposed to direct sunlight for 20 h as per the photo-degradation study as 

described elsewhere[200–203]. The analysis was performed in three replicates of each sample. 

All the samples were analyzed using developed RP-HPLC-UV method, and the data was 

recorded using LC solution software[197,204,205]. 

4.3 Analytical Method for estimation of OLA using RP-HPLC 

4.3.1 Instrumentation and Chromatographic Condition 

A simple, and reliable method for OLA was developed using Shimadzu RP-HPLC system 

coupled with an autosampler and PDA detector was utilized for the analysis. 

Chromatographically, the elution was achieved on Water XbridgeTM RP-18 column (4.6 x 50 

mm). Furthermore, elution systems of analytes are done with the mobile phase of acetonitrile–

ammonium acetate buffer in an isocratic mode with a ratio of 30:70 (v/v) at a flow rate of 1 

mL/min for the analysis. The analyte was monitored at 269 nm. The sample temperature for 

this method was maintained at ambient temperature (25º C) and 20 µL of injection volume was 

kept for the sample analysis. Initially, the baseline correction in RP-HPLC system was 

performed by equilibration of system for 20 min before analysis of the samples. The mixture 

of methanol and water (50:50) was utilized as rinsing of solution. All the data acquisition, 

recording, interpretation and reporting were done by LC solution software (version 1.22 SP1). 
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4.3.2 Preparation of stock solution, calibration standards and quality control samples 

A primary stock solution at concentration of 1 mg/mL was prepared for OLA by dissolving 1 

mg of OLA in 1 mL of HPLC grade methanol. Further, the calibration range 50-2000ng/mL 

was prepared with 8 different point of calibration standard i.e., 50,100,200,400,800,1000,1500 

and 2000 ng/mL were prepared from primary sock solution with appropriate dilution. Likewise, 

five different quality control samples (QC sample) were also prepared from primary stock 

solution i.e., 50 ng/mL for LLOQ, 75 ng/mL for LQC, and 300 ng/mL for MQC1, 900 ng/mL 

for MQC2 and 1800 ng/mL for HQC[192].  

4.3.3Method validation of OLA 

The assay validation for developed method was done as per the ICH Q2 (R1) guidelines. The 

various parameters of validation such as specificity, selectivity, accuracy, precision, robustness 

and stability were studied below[206]. 

4.3.3.1 Specificity 

The Specificity was carried out at MQC2 level in presences of different excipient which were 

utilized during fabrication of nanoparticle[192,206,207]. 

4.3.3.2 System suitability Test 

System suitability test was performed at six repeat injection at MQC2 level. The system 

performance was verified as per guideline with respect to various system-based parameters 

such as tailing factor, theoretical plate numbers and HETP[208]. 

4.3.3.3 Calibration curve and linearity 

The linearity for OLA was carried out for a range of 50-2000 µg/mL.  The calibration curve 

was plotted between calibration standards concentration (µg/mL) on X-axis against peak area 

response (mAU) on Y-axis, expressed by the equation y = mx + c, where m is slope and c is 

intercept[209–212]. 

4.3.3.4 Accuracy and precision 

Both intra-day and inter-day analysis was performed for accuracy and precision with five 

different QC level (LLOQ, LQC, MQC1, MQC2, and HQC), in four replicates. For the data 

interpretation, %Bias was utilized for expression of accuracy. Whereas %RSD were utilized to 

describe the precision respectively. According to standard guidelines, accuracy and precision 

said to be pass, if both % bias and % RSD fall within the range of ±2%[200,209–212]. 

4.3.3.5 Sensitivity: Limit of detection (LOD) and limit of quantitation (LOQ) 

The sensitivity of OLA was expressed in term of LOD and LOQ. Based on the S/N ratio, these 

two parameters was calculated as per ICH Q2(R1) guidelines. As per the guidelines, the LOD 
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should be 3 times higher S/N ratio and LOQ should be 10 times higher than signal to noise 

ratio, respectively[190,191,213]. 

4.3.3.6 Robustness 

The robustness was carried out with three parameters i.e., slight change in pH, flow rate and 

mobile phase composition[190,191,213]. For pH, there are two different pH i.e., 4 and 4.4 was 

performed against pH 4.2 Likewise; in case of flow rate, two different flow rates i.e., 1.2, and 

0.8 mL/min was used at mobile phase composition ACN: 10mMAmmonium acetate of ratio 

30:70 (% v/v). Likewise, another parameter i.e., instead of 60:40 ratio of mobile phase, samples 

were analyzed at two different mobile phase composition (ACN:10mM ammonium acetate pH 

4.2 (% v/v) i.e., 25:75, and 35:65, respectively at flow rate of 1.0 mL/min.  

4.3.3.7 Stability studies  

The stability of the OLA was studied by exposing the sample to different storage conditions. 

Stability studies were performed with different conditions such as bench-top stability(7hr), 

auto-sampler stability(24hr), short-term stability (14 days), stock solution stability (10 days), 

and long-term storage (180 days) for OLA as per the international standard analytical guideline. 

These studies were conducted in three replicates at four different QC levels (LQC, MQC1, 

MQC2, and HQC). All stability studies were compared against a freshly prepared calibration 

curve. As per the ICH Q2 (R1) guideline, the acceptance criteria of the stability sample should 

be within the ± 2 %RSD[214]. 

4.4. Simultaneous analytical method development and validation for HPPH and OLA 

using LC-MS/MS 

4.4.1 Instrumentation and Chromatographic condition 

The sample analysis was conducted using the UPLC-MS/MS system (Waters, USA) The 

Instrument control, peak detection, and integration were carried out using Mass lynx software. 

The chromatographic separation was attained using BEH LC column (Dim. 150*3, particle 

size: 2.6 µ) and mobile phase mixture consisted of Acetonitrile: Methanol: 5mM Ammonium 

acetate with 0.1 % formic acid (85:10:05, v/v) at a flow rate of 0.350 mL/min. Injection volume 

was kept 10µL. Rinsing solution of methanol: water (50:50) was used. The sample temperature 

for this method was maintained at 25 ºC and injection volume was 20 µL respectively. 

4.4.2 Preparation of stock and working standard solution 

Primary stock solutions of 1mg/mL HPPH and OLA were prepared in acetonitrile. Aliquots of 

HPPH and OLA were taken from primary stock solutions with suitable dilution by using mobile 

phase to obtain final concentrations of 1-200 ng/mL of HPPH and OLA. Likewise, four  
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different quality control samples (QC sample) were prepared from primary stock solution i.e., 

2 ng/mL for LQC, 15 ng/mL for MQC1, 90 ng/mL for MQC2, and  180 ng/mL for HQC[195] . 

4.4.3 Method validation 

All the method validation parameters such as accuracy, linearity, precision, detection limit, 

quantification limit and robustness were validated as per the International Conference on 

Harmonization (ICH) guidelines Q2(R1) [198]. 

4.4.3.1 System suitability 

This system suitability test was conducted to ensure whether the instrumentation facility is 

suitable for analysis or not. This assay was executed for six repeat injections at MQC level for 

both HPPH and OLA. The peak area response and retention time of the both compounds were 

recorded. As per the guidelines, the %RSD should be less than 1% for retention time (RT) and 

2.0% for area response of OLAb and HPPH[190,191,195]. 

4.4.3.2 Linearity and range 

The linearity for both HPPH and OLA was performed in the range of 1.56-200ng/ ml. The 

calibration curves were plotted using Area response against calibration standard concentration. 

Thereafter, regression equation and correlation coefficient were obtained from the calibration 

curve[190,209,215,216]. 

4.4.3.3 Accuracy and precision 

Accuracy and precision (Intra- and inter analysis) of the developed method were carried out at 

four different levels of concentration i.e., LQC, MQC1,MQC2 and HQC. Both accuracy and 

precision were expressed in %Bias and %RSD respectively as per the analytical regulatory 

guidelines[190,209,215,216]. 

4.4.3.4 Sensitivity 

Based on signal to noise ratio (S/N) of the response of an analytes, sensitivity was calculated 

and expressed in term of limit of detection (LOD) and limit of quantification (LOQ). As per 

the guidelines, LOD should be three-time grater of S/N ratio and similarly, LOQ should be 10 

time   greater from S/N value[209,215]. 

 

4.4.3.5 Robustness 

The robustness analysis of this developed method was done at 4-QC level for 4 replicates by 

two different analysts. The %RSD of robustness testing under these conditions was calculated 

as per regulatory guidelines. 

 



Materials and Methods 

 

 

Page 55 of 210 

 

4.4.3.6 Stability studies  

The stability of the both OLA and HPPH was studied by different storage conditions. Briefly, 

Stability studies sample were subjected to six parameter such as bench-top stability(7hr), auto-

sampler stability(24hr), short-term stability (14 days), stock solution stability (10 days), and 

long-term storage (180 days) for HPPH and OLA as per the international standard analytical 

guideline. These were conducted for four different QC levels (LQC, MQC1, MQC2, and HQC) 

in triplicate manner. All stability parameter were compared against a freshly prepared 

calibration curve. As per the guideline, the acceptance criteria of the stability sample should be 

within the ± 2 %RSD[190]. 

4.5 LC-MS/MS based simultaneous bioanalytical method of HPPH and OLA using mice 

plasma 

4.5 .1 Instrumentation and chromatographic condition 

The analysis was performed using the UPLC-MS/MS system (Waters, USA), coupled with 

Waters UPLC and Xevo TQD MS system. Further, the bioanalytical method for HPPH and 

OLA were developed using UPLC–MS/MS (ACQUITY UPLCTM H Class, Waters, 

Manchester, UK). A Xevo TQD tandem quadrupole mass spectrometer coupled with an 

orthogonal Z–spray TM electrospray ionization (ESI) source was employed for analysis of 

these two analytes. The Mass Lynx 4.1 software was utilised for Instrument control, peak 

detection and integration. The chromatographic separation was attained in ACQUITY 

UPLC®BEH Shield RP column (150mm*2.1, 1.7µm IDM) with the mobile phase mixture 

consisting of Acetonitrile: Methanol: 0.1% Formic acid in 5mM Ammonium acetate (87:10:03, 

v/v) at an isocratic flow rate of 0.350 mL/min. 

4.5.2 Calibration standard and quality control sample preparation 

A primary stock solution of HPPH and OLA were prepared individually in methanol/ACN at 

concentration 1 mg/ml for CS and QC sample as well. Further, standard working solutions 

were prepared by serial dilution with diluent (mobile phase). A mixed working solution of 

5µg/mL of OLA and HPPH was prepared by diluting the standard working solution with pooled 

mice plasma (spiked 2%) to obtain the desired concentration of 1, 3, 10, 20, 40, 80, 160 and 

320ng/ml for the calibration standard. In the same way, five different QCs sample such as 

LLOQ, LQC, MQC1, MQC2 and HQC was also prepared at the 1.05ng/ml, 2ng/ml, 50 

ng/ml,100ng/ml and 300ng/ml respectively. Further, a stock solution of 1mg/ml of docetaxel 

was prepared using methanol and further, a fix concentration of 200ng/ml was used as internal 
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standard for bioanalysis. All the stock solution prepared was stored at -20ºC till further 

use[217]. 

4.5.3 Collection of plasma  

The blood was collected from Balb/c mice via retro-orbital plexus and transferred into an 

anticoagulant (10% K2EDTA) containing 15 mL disposable tubes. Further, it was centrifuged 

at 10,000 rpm for 10 minutes. The supernatant plasma was collected and stored at -80°C till 

further analysis.  

4.5.4 Sample processing and optimization 

The sample processing was carried out using different extraction techniques such as protein 

precipitation (PPE), Solid Phase Extraction (SPE) and Liquid-liquid extraction (LLE). In 

protein precipitation technique, we have used organic solvent like methanol, acetonitrile, and 

sodium sulphate for the extraction. Furthermore, in liquid-liquid extraction, we have tried with 

solvent like n-hexane, ethyl acetate, diethyl ether and TBME.  Finally, liquid-liquid extraction 

method with diethyl ether was selected for the sample preparation as it shows no matrix 

interference with high recovery. Briefly, 94 µL of pooled mice plasma, 2 µL of specific 

analytes and 2 µL of IS (Docetaxel) was spiked and vortexed for 5 min on vortexer (Spinix 

Tarsons, India), then 1.8 µL of diethyl ether was added, again vortexed for 8 min and 

subsequently centrifuged for 10 min at 7000 rpm on the centrifuge. The supernatant (1.6mL) 

was transferred to the 1.5 mL Eppendorf tube and evaporated to dryness under a nitrogen dryer. 

The residue was reconstituted in 100 µL of the reconstitution solvent (Methanol) and 10 µL 

was injected onto LC-MS/MS. Likewise, the same procedure was followed for Blank and 

treated plasma sample. The Concentration of analytes in plasma i.e., treated plasma sample was 

calculated from standard calibration curve (1-320 ng/mL). 

4.5.5 Bioanalytical method validation for HPPH and OLA  

The developed bioanalytical method for both OLA and HPPH was validated as per US-FDA 

guidelines in terms of different parameters such as system suitability, selectivity, sensitivity, 

linearity, accuracy, precision, matrix effect, carryover effect, dilution integrity, and stability 

[217,218]. A brief detail related to different validation parameters have been shown below. 

4.5.5.1 System suitability 

The system suitability test was estimated using six injections of sample at MQC1 level (100 

ng/mL) The % RSD for the area ratio response (Drug/IS) and the retention time was observed. 

As per the regulatory guidelines, the %RSD should be less than 1% for retention time (RT) and 

2.0% for area ratio of OLA and HPPH[219,220]. 
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4.5.5.2 Selectivity  

For the selectivity analysis, six lots of different pooled plasma i.e., four normal plasma, one 

hemolytic plasma, and one lipoemic plasma were selected and spiked with drug combination 

and IS. According to US-FDA guidelines, the method was considered to be specific and 

selective when there is no interference peak of the endogenous matrix at the analyte and IS 

retention time (RT), and the mean response of analytes in blank plasma should be less than 

20% of LLOQ response and less than 5% of the mean response at of IS[217–220]. 

4.5.5.3 Carry over effect 

The carryover effect was performed by analyzing  the sample set of  plasma  blank, ULOQ, 

and LLOQ.As per the guidelines, plasma blank  sample after ULOQ sample  should be within 

±20% of LLOQ[221,222]. 

4.5.5.4 Calibration curve and linearity range 

The calibration curve was performed at eight different standard concentration with linearity 

ranging from 1-320ng/ml. The calibration equation was calculated by plotting a graph between 

peak area ratio response and calibration standard concentration. As per guidelines, at least 70% 

of calibration standards should fall on the acceptance limit of ±15 %RSD (for LLOQ, ±20% 

CV acceptance criteria) of its nominal value[221,223]. 

4.5.5.5 Accuracy and precision 

Both Intra-day and inter-day were performed with six replicates of Five different 

concentrations (LLOQ, LQC, MQC1, MQC2 HQC) for accuracy and precision. The accuracy 

and precision should be  expressed in term of %RSD and %Bias as per guidelines[223].  

4.5.5.6 Matrix effect  

The matrix effect was performed to evaluate the interferences of biometrics with respect to ion 

suppression and ion enhancement. Three sets of QC samples (LQC, MQC1, MQC2 and HQC) 

were analyzed. The matrix effect is said to be passed if %RSD of QC sample was within ±15% 

of true concentration[224]. 

4.5.5.7 Dilution integrity 

The dilution intergity was performed at 4 times higher than the ULOQ concentration. Briefly, 

the analytes concentration of 1200 ng/mL was processed in  mice blank plasma. Furher, 

processed  samples were estimated against freshly calibration curve. The dilution integrity 

assay is said to be passed if, the value of %RSD and % Bias  are  within ±15% from  the 

nominal value [225] 
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4.5.5.8 Robustness 

The robustness of this developed method was performed with 4-QC level (LQC, MQC1, 

MQC2, and HQC) against different operators as per international standard 

guidelines[226,227]. 

4.5.5.9 Stability studies  

The stability study was performed for both OLA and HPPH at six replicates with four as per 

the guidelines with respect to five different conditions i.e.  Bench-top(7hr) Autosampler 

stability(24hr), short‐term stability (14 days), freeze‐thaw cycles (4-cycle; 48hr) and long‐term 

stability (180 days). All the stability samples were processed and quantified against calibration 

curve and the obtained was compared with the peak area ratio response of freshly prepared QC 

samples. The study is said to be passed if % RSD of QCs sample will  meet within  the 

acceptance  limit i.e., ±15% from the true concentration[228]. 

 

4.6 Synthesis and characterization of amphiphilic polymer and mitochondrial targeted 

lipid 

4.6.1 Synthesis  and charactrisation of Biotin-PEG-PLGA 

The carboxylic group of the biotin was activated using DCC and NHS as per previously 

reported method with slight modification [229]. The activated biotin, i.e., Biotin-NHS was 

further used for the conjugation to NH2-PEG-PLGA. The Biotin-PEG-PLGA copolymer was 

synthesized by conjugation of Biotin-NHS and NH2-PEG-PLGA (Figure 1).  

 

Figure 4.1: Synthesis scheme for Biotin-PEG-PLGA  
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In brief, NH2-PEG-PLGA (400 mg, 0.008 mmol) was dissolved in 3 ml of DCM and added to 

activated Biotin (Biotin-NHS) solution. The reaction was kept for 48hr at room temperature 

under stirring. The product was collected and purified using chilled diethyl. The solvent was 

removed in vacuo. White-yellowish powder product was obtained. 

4.6.2 Synthesis  and charactrisation of of Linoleic acid-ss-TPP 

The novel Linoleic acid-ss-TPP was synthesized in two steps based on EDC/NHS coupling.  

Cysteamine hydrochloride (5mmol, 1.126 mg) was reacted with linoleic acid (1mmol, 333 µL) 

in the presence of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-

hydroxysuccinimide(EDC/NHS)(5mmol,955mg/575.45mg) and triethylamine (TEA) (28 µL), 

taking dimethylformamide (DMF) as solvent under inert conditions to get R01, which was 

further reacted with triphenyl phosphine (TPP) to get R02 using similar conditions as shown 

in FIG. 4 wherein (a) = Room temperature, 48h, EDC/NHS, DMF, TEA. R02 denotes linoleic 

acid-ss-TPP. Further the final product was characterized using H-NMR and LC-MS/MS. 
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Figure 4.2: Synthesis scheme for Linoleic acid-ss-TPP 

4.7. In-vitro cell culture study 

4.7.1 In-vitro cytotoxic studies of HPPH and OLA on 4T1 cell line 

The MTT 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide) assay was carried 

out to study the cytotoxicity of HPPH and OLA. Briefly, after reaching the 75% confluency, 

4T1 cells were trypsinised with trypsin EDTA solution and further seeded into 96-well plate 

with the cell count of 5×103/ each well. The cells were exposed to treatment with different pure 

HPPH concentrations (i.e., 1.5µM, 2.5µM, 5µM, 7.5µM, 10µM and 20 µM). The HPPH treated 

group was irradiated with laser light of 650 nm for 20 minutes (60 mW power over 5mm 

diameter circular exposure, equiv. to approx. 03 W/cm2). Likewise, the different concentration 



Materials and Methods 

Page 61 of 210 

i.e.,10µM, 20µM, 30µM, 45µM,60µM and 120 µM was followed for OLA. Afterwards, all the

treated groups were incubated for 48 hr. The MTT assay was conducted and optical density 

was calculated at 570 nm wavelength, using a microplate reader (Multiskan# Thermo 

scientific). The study was repeated for three times with two individual experiments[190]. The 

following equation was used to calculate cell viability as a percentage of the control wells. 

% 𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
𝑂.𝐷 𝑜𝑓 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠

𝑂.𝐷 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙(𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡)
× 100………. Eq1 

4.7.2. Estimation of combination index (CI) of HPPH and OLA 

The cytotoxicity study was performed using 3-(4, 5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium Bromide assay (MTT Assay). In brief, 4T1 cells were seeded at a density 

of 5000 cells/ well in 96-well plate. The cells were subjected to treatment with different 

concentrations of combination of HPPH and OLA combination solution (2/12, 4/24, 6/36, 8/48, 

10/60 µM). Subsequently, MTT reagent was added to cells and further incubated for 6 hr at 

370C. The media was removed and 200μL of DMSO was added to each well. Further, the 

samples (n=3) were analyzed by ELISA Plate reader (Biotek Synergy H1)at 570nm[230]. Cell 

viability was estimated using the following equation 1. 

Further, combined beneficial effect of HPPH and OLA on 4T1 cancer cell viability was 

evaluated  using the Chou–Talalay method[231]. The combination index (CI) was calculated 

using compusyn software which is based on   Chou Talalay et. al, . The CI equation is as 

follows: 

 CI = DHP/DxHP + DOL/DxOL …………. Eq2 

where, DHP is the dose of HPPH in combination to achieve x% inhibition and DOL is of HPPH 

in combination to achieve x% inhibition. whereas DHPX and DOLX in the denominator represent 

doses of compounds (HPPH and OLA) to achieve x% inhibition when present alone. If CI 

values of <1, =1 and >1 indicate synergism effect, additive effect and antagonism effect in 

combined drug action respectively. In our experiments, the relationship between drug 

concentration and decreased cell viability (IC10–50) was calculated, and a CI–Fa plot are 

presented. 
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4.7.3. Apoptosis Analysis 

The apoptotic assay for HPPH and OLA and in combination of HPPH and OLA and their 

LPHNs was analyzed using Dead cell apoptosis kit with Alexa Fluor 488-Annexin-FITC 

Conjugate by flow cytometry as per the manufacturer’s protocol (Invitrogen protocol). In brief, 

4T1 were seeded in 6-well plate (1 × 106 cells/well). After 24 h incubation, the media was 

removed and washed with PBS. Afterwards, cells were treated with free HPPH and its LPHNs 

at their IC50 concentrations (obtained from the cytotoxicity study). Subsequently, the HPPH 

treated plate was irradiated with PDT laser (Omega Laser) with   light dose of 650 nm for 20 

minutes (60 mW power over 5mm diameter circular exposure, equiv. to approx. 03 W/cm2) 

and incubated for 48 hr. The treated cells were subject to trypsinization and harvested in PBS. 

Later, the cells were collected by centrifugation for 6 min at 1500 rpm. Afterward, the all the 

treated cells were redispersed with 1X binding buffer and subsequently, stained with apoptotic 

assay dye i.e., Annexin V-FITC (2 μL) and Propidium iodide (5 μL). Further, it was incubated 

for 5 min and samples were analyzed under flow cytometer (Beckman Coulter).  The data were 

recorded using Cyt Expert software[230,232]. 

4.8. In-vivo efficacy study in 4T1 bearing Balb/c mice 

4.8.1. Development of Orthotopic 4T1 bearing breast cancer model using 4T1-Luc cells 

For this in vivo animal study experiment, 4T1-Luc cells were cultured in RPMI media as per 

ATCC guidelines. Following a seven-day quarantine period, the animals were subcutaneously 

injected with 2 million cell lines diluted in 100 µL of sterile PBS into the mammary pads of 

female Balb/c mice in order to implant tumors. After 17 days post-injection of the cells, tumor 

sign was observed in all the animals. The tumor volume was measured using digital vernier 

caliper and calculated using the formula: Tumour volume = [(length × width2)/2. 20 animals. 

The tumour was further confirmed by in vivo imaging technique (IVIS® Lumina III, 

PerkinElmer, USA)[233,234]. 

4.8.2. Treatment of HPPH and OLA in 4T1 bearing breast cancer model 

Once the tumor volume reached 80 mm3, the animals were divided into four groups as in 

mentioned in the Table 4.3 to check the anti-tumour effect of HPPH and OLA. The treatment 

was administered to the animal daily until 10 days. Body weights and tumor volumes were 

recorded every alternate day. The HPPH and OLA was administered intravenously at the dose 

of 5mg/kg.bw and 30mg/kg.bw respectively through tail vein.  After every treatment, all the 

animals were exposed to the laser of wavelength 650nm for 20 min. The survival timing, body 

weight and change in behavior of all the animals were recorded during the study period. 
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Further, after completion of the experiment, all the animals were sacrificed and the tumors were 

removed. Further, the parameters like tumor volume, animal body and survival rate of the 

animal were examined. 

Figure 4.3: Experimental schedule of animal model development and treatment 

4.8.3 Bioluminescence image analysis in the treated 4T1-Luc tumor bearing mouse model 

In order to conduct bioluminescence analysis, the tumor growth was evaluated at regular 

intervals using an in vivo imaging technique (IVIS® Lumina III, PerkinElmer, USA). In brief, 

all the study animals were anesthetized and afterwards, 100 µL of Luciferin D dye at the dose 

of 100 mg/kg was injected to animals intraperitoneally. Further, Mice were positioned inside 

the imaging facility after 2 min of Luciferin D administration. During the treatment period, all 

the animals were examined for tumor growth, and images for the all the treated group were 

captured via bioimaging facility. The region of interest has been chosen around the tumor, and 

the bioluminescence signals were analyzed in the units of photons/sec/cm2/sr (maximum 

photons per second per centimeter square per steradian). After completion of experiment, the 

animals were sacrificed, and vital organs along with the tumour tissue were isolated and stored 

in tissue freezing media at -80 °C till further evaluation[90]. 

Table 4.3: Experimental design for the screening of HPPH and OLA and in combination of HPPH and 

OLA and their LPHNs in 4T1 bearing Balb/c mice 

Animal Group Treatment used 

Group 1: Normal diet, (Disease Control) 

Group 2: 4T1 bearing Balb/c mice, administered with pure HPPH (Dose: 5mg/kg, i.v.) 

Group 3: 4T1 bearing Balb/c mice, administered with pure OLA (Dose :30mg/kg, i.v.) 

Group 4: 4T1 bearing Balb/c mice, administered with pure HPPH (Dose: 5mg/kg, i.v.) and OLA 

(Dose: 30mg/kg, i.v.) 

Group 5 4T1 bearing Balb/c mice, administered with Biotin@HPPH/OLA-LPHNs (Dose: 5mg/kg 

for HPPH and 30mg/kg for OLA; i.v.) 

Group 6: 4T1 bearing Balb/c mice, administered with Biotin-ss-TPP@HPPH/OLA-LPHNs (Dose: 

5mg/kg for HPPH and 30mg/kg for OLA; i.v.) 
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4.8.4 Assessment of in-vivo reactive oxygen species (ROS) generation 

To evaluate the ROS generation ability of the HPPH and OLA, DCFH-DA probe was used. 

Briefly, the Mice were anesthetized (n = 5) and 50 μL of DCFH-DA (25 μM) was injected 

intratumorally on the last day of treatment. The bioimaging was carried out via IVIS® Lumina 

III, PerkinElmer, USA. The fluorescence intensity [(p/sec/cm2/sr)/µW/cm2] was analyzed. 

The tumors were removed surgically after 30 minutes. The tumor sections were studied under 

a fluorescence microscope under the FITC channel (ex/em = 495/519 nm). The fluorescence 

intensities were recorded using Image J software[90].  

4.8.5 Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay on 

tumor tissue sections 

Using a cryotome (Leica Biosystems, Germany), the frozen tumor sections in the OCT media 

were cryo-sectioned to a thickness of 5 µm. The tumor tissues, along with the terminal 

deoxynucleotidyl transferase (TdT) enzyme and 4% paraformaldehyde, were kept at 37 ºC. The 

TUNEL reaction mixture was added to the fixed tissue slides and kept in the dark, humid 

environment at 37 ºC for another hour. Also, they were stained with DAPI for 5 minutes after 

being washed three times with 1X PBS. The slides were photographed using a fluorescence 

microscope. The images were processed and analyzed using Image J software[90]. 

4.8.6 Histological evaluation of the tumor cryosections by H&E staining assay 

An immunohistochemical examination was carried out for all the groups (Table 4.3) for both 

organs and the tumor sections. Tissue sections of 5 µm thickness were mounted on glass slides 

and treated with xylene and ethyl alcohol (100% - 30%), then followed by washing with 1X 

PBS and water. The nuclei and cytoplasm were stained with hematoxylin and eosin, 

respectively. After that, the tissue sections were dehydrated with ethyl alcohol (30%-100%), 

followed by a xylene wash. Finally, the sections were mounted with mounting fluid and 

examined under a fluorescence microscope at 20X magnification[90]. 

4.9 In vivo pharmacokinetic study 

In-vivo pharmacokinetic study was conducted in Balb/c Mice.  The single dose of 5 mg/kg.bw 

and 30mg/kg.bw of free HPPH and OLA respectively were administered to the animal through 

i.v. route. An aliquot of 200 µL of blood samples were collected in K2EDTA containing tube

from animal at predetermined time interval. Further, the blood sample was centrifuged at 

13,000 rpm (g) for 12 min at 4 ◦C. The plasma was collected and stored at -80° C till the 

analysis. Further the sample were analyzed by validated LC-MS/MS method. The obtained 
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plasma concentration was subjected to non-compartmental pharmacokinetic analysis using 

WinNonlin software version 6.3 (Certara, USA). Statistically significant differences were 

assumed at P < 0.05[217,218]. 

4.10 Safety Evaluation of HPPH and OLA 

The sub chronic toxicity study was conducted in BALB/c mice (4-6 week; average body weight 

25-30g). Briefly, the animals were acclimatized for 7 days and divided into three groups, each

consisting of five Balb/c mice (Table 4.10). HPPH and OLA were administered to the Balb/C 

mice intravenously at the dose of 5 mg/kg.bw and 30mg/kg.bw respectively. Afterwards, the 

drugs (HPPH and OLA) were administered intravenously into the tail vein of animals at the 

above-mentioned dose. Subsequently, HPPH treated group was irradiated with the laser light 

at   650 nm for 20 minutes after administration. In the similar way, the control group was treated 

with normal saline. After 21 days of treatment, all the animals were sacrificed. All the vital   

organ such as liver, kidney, heart, spleen, lungs and blood sample of different groups were 

collected. Based on the OECD guidelines, The collected organs were subjected to H&E 

analysis.  

Table 4.4: Experimental design for the safety study of HPPH with nanocarrier systems in 4T1 bearing 

Balb/c mice 

Animal Group Treatment used 

Group 1: Normal diet, (Saline 100µL; Control) 

Group 2: 4T1 bearing Balb/c mice, administered with pure HPPH (Dose: 5mg/kg, i.v.) 

Group 3: 4T1 bearing Balb/c mice, administered with pure OLA (Dose :30mg/kg, i.v.) 

4.11. Development and optimization and characterization of HPPH loaded LPHNs 

4.11.1 Fabrication of LPHNs for HPPH 

The HPPH loaded LPHNs was prepared by single step emulsification followed by solvent 

evaporation method with slight modification [235,236]. In brief, DC89PC, NH2-PEG-PLGA, 

Linoleic and HPPH were dissolved in dichloromethane to obtained organic phase. 

Subsequently, the aqueous phase was also prepared by using acidified 1.5% PVA (pH5.5) to 

avoid degradation of the HPPH. Afterwards, the organic phase was added dropwise to the 

aqueous phase under probe sonication at 25 % amplitude with pulse mode (25 sec on and 10 

sec off) for 3.50 min. The organic phase was later removed using Buchi Rotary evaporator® at 

30⁰ C for 20 min to obtain nanoparticles and further subjected to centrifugation to remove the 

un-entrapped HPPH. In the same way, Blank-LPHNs were fabricated using above mentioned 

method without incorporation of drug. In the same ways, Biotin@HPPH-LPHNs was 
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formulated by substituting NH2-PEG-PLGA with Biotin-PEG-PLGA in the above-mentioned 

method. 

Figure 4.4: Schematic representation of LPHNs preparation procedure 

 4.11.2 Optimization: Experimental design study for Nanoparticle 

In order to determine the critical LPHNs formulation and process factor, preliminary trials were 

conducted. These factors like surfactant concentration, polymer concentration, volume of 

aqueous phase and Lipid content plays a crucial role in alteration of various physiochemical 

properties of nanocarrier such as particle size, zeta potential, entrapment efficiency and drug 

loading Additionally, the parameters like the volumes of organic phase, sonication time and 

amount of linoleic acid. were kept constant during the data optimization. Additionally, the 

parameters like amount of drug (1mg) and total lipid (5mg) and amount of polymer (4 mg) 

were kept constant in all formulations. In prior to further optimization,  Central Composite 

Designs (CCD) by Design-Expert software (Version 7.3, Stat-Ease, Inc., Minnesota, USA) was 

implemented[237]. Finally, the two independent variables (i.e., Amount of Phospholipid 

(DC89PC) and surfactant concentration) and two dependent variables (particle size and 

Entrapment Efficiency) were screened for the optimization. The low value and high value were 

selected based on the literature and their range of variable was shown in table 4.5. 

Table 4.5: Variable used in CCD response surface design 

Independent variable Factor Unit Type Applied Level 

Low High 

X1 PVA %w/v Numerical 1 2 

X2 DC89PC mg Numerical 3.5 4.0 

Dependent variable Unit Constrains 

Y 1 Entrapment 

efficiency 

% - Maximum 

Y2 Particle Size nm - Minimum 



Materials and Methods 

 

 

Page 67 of 210 

 

The 3D surface plots were utilized to study the relationship and interaction between the 

independent variables and dependent variables. The analysis of variance (ANOVA) with test 

(p-value < 0.05) was performed to estimate the significance of the variables on the responses. 

Further, the acceptability the model was checked by observing the R2 and adjusted R2. The 

optimized formulation was done on the basis of the higher encapsulation efficiency of drug and 

the smaller particle size. 

4.11.3 Characterization Of HPPH loaded LPHNs 

4.11.3.1 Measurement of Particle shape , size, PDI and  Surface charge   

The mean diameter, PDI and zeta potential were determined using a by dynamic light scattering 

using Zetasizer (Malvern Nano ZS) with back scattering angle of 173°at 25 °C. In prior to 

analysis, the HPPH loaded LPHNs was diluted with deionized water. Further, the shape of 

LPHNs was examined using FEI scanning electron microscope (FEI-SEM) (Hillsboro, 

Washington).  

4.11.3.2 Determination of %EE and %DL 

 

The %EE and %DL of HPPH form LPHNs was estimated using RP-HPLC. Briefly, HPPH was 

extracted from prepared LPHNs by diluting formulation with Acetonitrile followed by bath 

sonication at 70° C. Further, the sample centrifuged for 20 min at 22658× g. The supernatant 

was analyzed by this validated HPLC method to estimate the content of HPPH. Further, the 

following equation was used to calculate the %Entrapment efficiency and % Drug loading. 

%𝐸𝑛𝑡𝑟𝑎𝑝𝑚𝑒𝑛𝑡 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐻𝑃𝑃𝐻 𝑖𝑛 𝐿𝑃𝐻𝑁𝑠

𝐼𝑛𝑡𝑖𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐻𝑃𝑃𝐻 𝑡𝑎𝑘𝑒𝑛
× 100 

%𝐷𝑟𝑢𝑔 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐻𝑃𝑃𝐻 𝑒𝑛𝑡𝑟𝑎𝑝𝑒𝑑 𝑖𝑛 𝐿𝑃𝐻𝑁𝑠

𝑇𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓  𝐿𝑃𝐻𝑁𝑠
× 100 

 

 

4.11.3.3 Freeze drying  

The freeze drying of HPPH loaded LPHNs were carried out in Lyophilliser (Free Zone Triad® 

Benchtop Freeze Dryers, Labconco, MO, USA) to enhance its storage stability. In brief, four 

different cryoprotectants including sucrose, mannitol, trehalose, and PEG4000 were added to 

the prepared nanoparticles with three different concentrations (2.5%, 5% and 10 % w/w) and 

later, the sample were transfer to Lyophilliser.  Finally, lyophilized nanoparticle powders were 

reconstituted with Milli-Q water, and further, subjected to physiochemical characterization 

such as particle size, PDI, and entrapment efficiency. 
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4.11.3.4 In vitro drug release 

In vitro drug release study  was performed using a dialysis membrane technique[238]. In brief, 

1ml of LPHNs containing HPPH (100µg/mL) was taken into dialysis membrane (MWCO12 

kDa; Himedia, India) and immersed into release medium (phosphate-buffered saline with 5% 

(v/v) Tween80 and 5% PEG 400 and 2% IPA; pH 7.4 & 5.4) and incubated at 37⁰C and shaken 

at 100 rpm. Based on the predetermined time intervals, the release samples were withdrawn 

from the sink and was replaced with fresh release media. Further, the collected sample were 

filtered with 0.22 µm syringe filter and analyzed using validated RP-HPLC method. In the 

same ways, pure HPPH solution was also studied as above-mentioned method. 

4.11.3.5. Physical state characterisation (DSC) 

In order to understand the thermal behavior, DSC analysis was performed for pure HPPH and 

lyophilized LPHNs (Blank nanoparticle, HPPH-LPHNs, Bt@OLA-LPHNs) was studied using 

a DSC apparatus (DSC-60 Instrument, Shimadzu, Tokyo, Japan). Briefly, accurately 3mg of 

samples were weighed and cramped with aluminum pans. Then after, samples were transfer to 

DSC apparatus and analysis was carried out by heating from room temperature to 300 °C at a 

rate of 5 °C/ min under nitrogen environment. Finally, thermogram was recorded for all the 

samples using DSC 60A software. 

4.11.4. Stability study of LPHNs 

To understand the storage condition, the colloidal stability studies of LPHNs was performed at 

two different room (25 ± 1°C) and refrigeration (4 ± 2°C) temperature for 90 days. Briefly, the 

prepared LPHNs were stored in amber glass and based on pre-determined time (0.5,1,3,7,15,30 

and 90 days), sample was removed and subjected to physiochemical parameter analysis and all 

the data were recorded. 

4.11.5. Measurement of Singlet oxygen generation 

The analysis of Singlet oxygen generation was carried out using SOSG dye. Briefly, the pure 

HPPH and HPPH loaded LPHNs (HPPH-LPHNs and Biotin@HPPH-LPHNs) at the 

concentration of 5 μM were irradiated at 650 nm using a laser system. The SOSG dye solution 

(1.0 μM) was prepared in 2% methanol in deionized water. Further, fluorescence intensity of 

SOSG dye was recorded using Plate reader (Synergy II microplate reader, Bio Tek, VT) at 

excitation wavelength of 494 nm. The singlet oxygen generation of LPHNs was evaluated by 

the SOSG fluorescence intensity compared with control samples. 

4.11.6 In-vitro cell studies for HPPH loaded LPHNs 

4.11.6.1. Cytotoxic studies on 4T1 cell line 
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The MTT 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide) assay was carried 

out for HPPH and HPPH loaded LPHNs (HPPH-LPHNs and Biotin@HPPH-LPHNs) in 

accordance with the same protocol as mentioned in section 4.7.1. Except, the experiment was 

subjected to treatment with concentration i.e., 2µM, 3.9 µM,7.8 µM, 10µM, 31.25µM, 62.5µM 

and 125µM for HPPH and its LPHNs. 

4.11.6.2. Cellular Uptake of HPPH loaded LPHNs 

The cellular uptake of nanocarrier (HPPH-LPHNs and Biotin@HPPH-LPHNs) was evaluated 

using confocal microscopy in 4T1 cells. Briefly, the cells were seeded six-well plate (1 × 105 

cells/well) and kept it for 24 h at 37 °C. Afterward, 30 μL of HPPH-LPHNs (HPPH-LPHNs 

and Biotin@HPPH-LPHNs) were treated to each well. Subsequently, all the treated group was 

irradiated with laser light of 650 nm for 20 minutes (60 mW power over 5mm diameter circular 

exposure, equiv. to approx. 03 W/cm2).  Further, the treated plate was subjected to incubation 

at 37 °C for 4 and 8 h, after that media was removed and trypsinised to get suspended cell 

monolayer. The transfection of the HPPH and nanocarrier was observed using confocal 

microscopy at 525 nm.  

4.11.6.3. Measurement of reactive oxygen species (ROS) of HPPH loaded LPHNs 

The ROS generation assay was performed using   2′, 7′-Dichlorofluorescin diacetates (DCFH-

DA). Briefly, the cells were seeded in a 6-well plate at a density of 1 × 105 cells/well and 

incubated for 24 hr. Further, cells were exposed to treatment of pure HPPH and HPPH loaded 

LPHNs and irradiated with laser light of 650 nm for 20 minutes (60 mW power over 5mm 

diameter circular exposure, equiv. to approx. 03 W/cm2). Further, all the treated group was 

subjected to incubation for 12hr. After incubation, the treated cells were washed two times with 

PBS. All the treated group (pure HPPH, HPPH-LPHNs and Biotin@HPPH-LPHNs) were 

expose to 10 μM of DCFDA for 30 min at 37 ̊ C. The fluorescence intensity was monitored at 

an excitation wavelength of 485 nm and an emission wavelength of 530 nm using confocal 

microscopy (Zeiss, USA). 

4.11.6.4. Apoptosis Analysis of HPPH loaded LPHNs 

The apoptotic assay for HPPH and their LPHNs (HPPH-LPHNs and Biotin@HPPH-LPHNs) 

was analyzed using Dead cell apoptosis kit with Alexa Fluor 488-Annexin-FITC Conjugate by 

flow cytometry as per the manufacturer’s protocol (Invitrogen protocol) in accordance with the 

same protocol as mentioned in section 4.7.3.  
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4.11.7.  Hemolysis study of HPPH loaded LPHNs 

The hemolysis was studied by analyzing hemoglobin content in the supernatant of the 

centrifuged RBC suspension. In brief, RBCs were collected from Balb/c mice blood by 

centrifuging the blood sample at 1000 rpm in 3 min. After collection, the RBCs was washed 

with normal saline to obtained a colorless supernatant. The free HPPH and HPPH loaded 

LPHNs (HPPH-LPHNs and Biotin@HPPH-LPHNs) at different concentration of HPPH (500, 

250,125,62.5,31.56 and 15µg/mL) were added to processed RBCs solution and incubated for 

30 min at 37 ° C. The incubated sample was centrifuged for 25 min at 1500 rpm. The 

supernatants were collected and analyzed by using plate reader at 540 nm to calculate the 

hemolysis. Likewise, positive control and negative control were also processed. 

4.11.8. In-vivo experiment for HPPH loaded LPHNs 

4.11.8.1 Pharmacokinetic study 

The in-vivo (pharmacokinetic, biodistribution and toxicity) studies were performed as 

mentioned in the section 4.9. All results were expressed as mean ± standard error mean 

(S.EM.). The experimental data were analyzed using a graph pad with a one-way analysis of 

variance (ANOVA) followed by Tukey’s test at a defined significant level of p < 0.05. 

4.11.8.2 In-vivo biodistribution study 

After 7 days quarantine period, the female Balb/c mice were inoculated subcutaneously with 2 

million cells (4T1 cell line) suspended in 100 µL of sterile PBS into the mammary pad for 

tumor implantation. Once the tumor sign was observed and tumor volume reached 350 mm 3, 

this biodistribution study was performed. In vivo fluorescent imaging with fluorescent markers 

was used to provide visible, time-dependent nanoparticle biodistribution imaging. To assess 

the distribution and tumor accumulation of LPHNs, Tumor-bearing mice were divided into two 

groups of three mice each for the in vivo distribution of LPHNs. Further, DiI-loaded LPHNs 

have been fabricated and administered to the Balb/C mice through the tail vein. Subsequently, 

in vivo fluorescent imaging was performed using an IVIS® Lumina III, PerkinElmer, USA. To 

monitor the tumor accumulation of DiI-loaded LPHNs, mice were continuously anesthetized 

with O2 and 2% isoflurane and the tumor accumulation profile of DiI-loaded LPHNs was 

evaluated at different time points (0.5,1,3,6,12 and 24h) using the IVIS imaging system. For 

ex-vivo imaging, animals were sacrificed and the perfused organs like tumor, heart, liver, 

kidney, lung, and spleen was isolated. These organs were also imaged using IVIS® Lumina 

III, PerkinElmer, USA. 
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4.11.8.3 Safety evaluation of HPPH Loaded LPHNs  

The in-vivo toxicity studies for HPPH loaded LPHNs (HPPH-LPHNs and Biotin@HPPH-

LPHNs) were performed in accordance with the same protocol as mentioned in section 4.10. 

4.12.  Development and Evaluation of OLA loaded LPHNs 

4.12.1 Fabrication of OLA loaded LPHNs 

The OLA loaded LPHNs was fabricated using emulsification followed by solvent evaporation 

method with slight modification[239–241]. Briefly, for fabrication of non-cationic nanoparticle 

(OLA-LPNHs), organic phase was prepared using the phospholipid SPC-100, polymer (NH2-

PEG-PLGA, MW: 10-15 kDa) and OLA with a wt. ratio 4:5:1 i.e., 8mg,10mg and 2mg 

respectively in DCM. Further, organic phase was gently added dropwise into the aqueous phase 

i.e., 2% (w/v) of PVA solution using 2mL syringe under continuous stirring. The prepared

emulsion was further sonicated for 3.20 min at 25 % amplitude with pulse mode (30 sec on and 

10 sec off) using Probe Sonicator (IKA, Mumbai, India). Afterwards, the organic solvent was 

removed in vacuo using Buchi Rotoevaporator® at 40⁰ C for 20 min to obtain nanoparticle 

suspension. The obtained suspension was centrifuged at 20000 rpm for 30 min to remove the 

non-encapsulated drug.   

Further, the non-targeted cationic nanoparticle (St@OLA-LPHNs) was prepared using 

stearylamine. In this preparation, 0.5 mg of stearylamine was added to the organic phase 

followed by same procedure as used for the fabrication of OLA-LPHNs. In the similar manner, 

targeted cationic nanoparticle (St/Biotin@OLA-LPHNs) was prepared using copolymer 

Biotin-PEG-PLGA, instead of PEG-PLGA. In the similar way, three blank nanoparticles 

(Blank-LPHNs: non-cationic, non-targeted cationic and targeted cationic blank) were also 

formulated. 

4.12.3. Characterisation of OLA loaded  LPHNs 

4.12.3.1. Morphological evaluation: Size, PDI, Zeta Potential and Shape 

The morphological analysis of parameters such as size, polydispersity index (PDI), and Zeta 

potential of nanoparticles were estimated using Zetasizer (Malvern Nano ZS) at a scattering 

angle of 173°. The surface topography of nanoparticle was studied by using field emission 

scanning electron microscopy (FESEM, Quorum Q150 T ES, Quorum technologies Ltd, UK). 

In brief, the diluted nanoparticle suspension was placed on the coverslip and kept into a vacuum 

dryer till complete dryness.  Further, Nanoparticle containing coverslip  was mounted on a 
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double faced sticky tape followed by gold coating using sputter coater unit (Quorum Q150 T 

ES, Quorum technologies Ltd, UK) and the coated sample was subjected to  topographical 

screening [242].  

4.12.3.2. Entrapment efficiency(%EE) and Drug Loading(%DL) 

The entrapment efficiency and drug loading of formulated OLA-LPHNs were calculated by 

estimating the trapped amount of OLA in nanoparticles. In brief, OLA was extracted from 

formulated nanoparticles using methanol with suitable dilution followed by bath sonication at 

65°C for 30 min. The sample was then cooled and centrifuged at 21,000 rpm for 20 min. The 

supernatant was collected and analyzed using a developed RP-HPLC method. Entrapment 

efficiency (%) and drug loading (%) was calculated using the following equations. 

% 𝐸𝑛𝑡𝑟𝑎𝑝𝑚𝑒𝑛𝑡 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑂𝐿𝐴 𝑖𝑛 𝐿𝑃𝐻𝑁𝑠 

𝐼𝑛𝑡𝑖𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑂𝐿𝐴 𝑡𝑎𝑘𝑒𝑛
× 100.........................Eq.2 

% 𝐷𝑟𝑢𝑔 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑂𝐿𝐴 𝑖𝑛 𝐿𝑃𝐻𝑁𝑠

𝐼𝑛𝑡𝑖𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓𝐸𝑥𝑖𝑝𝑖𝑒𝑛𝑡 𝑎𝑛𝑑  𝑂𝐿𝐴 𝑡𝑎𝑘𝑒𝑛
× 100........................Eq.3. 

4.12.3.3. Freeze drying of OLA loaded LPHNs  

The formulated LPHNs were subjected to lyophilization. In brief, the cryoprotectants such as 

mannitol, trehalose, sucrose and PEG-4000 were treated to the formulated nanoparticles (OLA-

LPHNs, St@OLA-LPHNs and St/Biotin@OLA-LPHNs) with three different concentrations 

(i.e., 2.5% w/v, 5% w/v and 10 % w/v). Afterward, the treated samples were kept under freeze-

drying using Lyophilliser (Free Zone Triad® Benchtop Freeze Dryers, Labconco, MO, USA) 

for the period of 24hr. Finally, for the characterization of the obtained lyophilized powder 

samples, they were reconstituted with deionized water. The characterization parameters such 

as particle size, PDI, Zeta potential, entrapment efficiency and drug loading of nanoparticles 

were estimated. 

4.12.3.4. In vitro release study of OLA loaded LPHNs 

The in-vitro release study was conducted using dialysis method. The study was performed 

using 1% w/w tween 80 and 2% ethanol in phosphate buffer saline as release media at two 

different pH, i.e., 5.4 and 7.4. In the first step, the dialysis bag was placed into the prepared 

release media for 24h prior to the experiment. The sample amount equivalent to 500 μg /mL of 

OLA and OLA loaded nanoparticle (OLA-LPHNs, St@OLA-LPHNs and St/Biotin@OLA-

LPHNs) were placed in dialysis bag containing 30 mL of release media. Subsequently, the 1mL 

of aliquots of sample were withdrawn at pre-determined time points (0.25, 0.5, 1, 2, 4, 8, 12, 

24, and 48 h) for 48 h from the release media and replaced with release media at each time 
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point to maintain sink condition. This study was performed three times and collected samples 

were estimated using a developed HPLC method. The release profile for both OLA and OLA 

loaded nanoparticle  were plotted between % drug release vs. Time [243]. 

4.12.3.5. Physical state characterisation 

Attenuated total reflection-IR (ATR-IR) 

Drug-excipient interaction study was studied using ATIR spectroscopy (Bruker, USA)). All 

samples including OLA and lyophilized nanoparticles (Targeted cationic blank nanoparticle, 

OLA-LPHNs, St@OLA-LPHNs and St/Biotin@OLA-LPHNs) were scanned from 4000 to 400 

cm−1. The recorded IR Spectrum was subjected to analysis for all sample and compared with 

pure OLA spectrum.  

Differential scanning calorimetry (DSC) 

To evaluate the physical state of samples, DSC analysis was carried out for pure OLA and 

lyophilized nanoparticle (targeted cationic blank nanoparticle, OLA-LPHNs, St@OLA-

LPHNs and St/Biotin@OLA-LPHNs) using a DSC apparatus (DSC-60 Instrument, Shimadzu, 

Tokyo, Japan). The samples were heated at a rate of 5 °C/ min from room temperature to 300 °C 

under nitrogen environment. Finally, thermogram was recorded for all the samples using DSC 

60A software. 

4.12.3.6. Stability study of LPHNs 

The stability studies for lyophilized nanoparticles (OLA-LPHNs, St@OLA-LPHNs and 

St/Biotin@OLA-LPHNs) were performed as per the previously reported method [244]. In 

brief, the lyophilized nanoparticles were stored at two different temperature conditions i.e., 

ambient temperature (25 ± 1°C) and cold temperature (4 ± 2°C) for 90 days. The samples were 

characterized for     particle size, PDI and % EE   subsequently, stability sample was compared 

with freshly prepared nanoparticle 

4.12.4. In-vitro cell culture study for OLA loaded LPHNs 

4.12.4.1. Cytotoxic studies on 4T1 cell line 

The cytotoxicity study for OLA loaded LPHNs (OLA-LPHNs, St@OLA-LPHNs and 

St/Biotin@OLA-LPHNs) was performed using 3-(4, 5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium Bromide assay (MTT Assay) in in accordance with the same protocol as 

mentioned in section 4.7.1. 
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4.12.4.2. Cellular Uptake of OLA loaded LPHNs 

The cellular uptake evaluation was carried out using coumarin-6 (C6) for LPHNs (C6-LPHNs, 

St@C6-LPHNs and St/Biotin@C6-LPHNs) in in accordance with the same protocol as 

mentioned in section.4.11.6.2 

4.12.4.3 Apoptosis analysis of OLA loaded LPHNs 

The apoptotic assay for OLA and their LPHNs (OLA-LPHNs, St@OLA-LPHNs and 

St/Biotin@OLA-LPHNs) was analyzed using Dead cell apoptosis kit with Alexa Fluor 488-

Annexin-FITC Conjugate by flow cytometry as per the manufacturer’s protocol (Invitrogen 

protocol) in accordance with the same protocol as mentioned in section.4.7.3 

4.12.5. Hemolysis Study of OLA loaded LPHNs 

Hemolysis was studied by estimating hemoglobin content in the supernatant of the centrifuged 

RBC suspension as per the previously reported method[245]. In brief, RBCs were collected 

from Mice blood via centrifugation at 1000 rpm for 3 min. Further, the RBCs was subjected to 

washing with normal saline to obtain a colorless supernatant. The free OLA and OLA loaded 

LPHNs (OLA-LPHNs, St@OLA-LPHNs and St/Biotin@OLA-LPHNs) were added to normal 

saline RBCs at the concentration of 900 µg/250µL and incubated for 30 min at 37 ° C. The 

incubated samples were centrifuged for at 1500 rpm for 25 min. The supernatants were 

collected and analyzed using plate reader (Biotek Synergy H1) at 540 nm to calculate the % 

hemolysis. In the similar way, positive control and negative control were also processed. 

4.12.6. In vivo animal study for OLA loaded LPHNs 

4.12.6.1. Pharmacokinetic study 

The in-vivo pharmacokinetic studies for pure OLA and OLA loaded LPHNs (OLA-LPHNs, 

St@OLA-LPHNs and St/Biotin@OLA-LPHNs) were performed as per same protocol 

mentioned in the section 4.9. All results were expressed as mean ± standard deviation. The 

experimental data were analyzed using a graph pad with a one-way analysis of variance 

(ANOVA) followed by Tukey’s test at a defined significant level of p < 0.05. 

4.12.6.2 In vivo imaging and biodistribution analysis 

After 7 days quarantine period, the female Balb/c mice were inoculated subcutaneously with 

2million cells (4T1 cell line) suspended in 100 µL of sterile PBS into the mammary pad for 

tumor implantation. Once the tumor sign was observed and tumor volume reached 350 mm 3, 

this biodistribution study was performed. In vivo fluorescent imaging with fluorescent 

markers was used to provide visible, time-dependent nanoparticle biodistribution imaging. 

To assess 
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the distribution and tumor accumulation of LPHNs, Tumor-bearing mice were divided into two 

groups of three mice each for the in vivo distribution of LPHNs. Further, DiI-loaded LPHNs 

have been fabricated and administered to the Balb/C mice through the tail vein. Subsequently, 

In vivo fluorescent imaging was performed using an IVIS® Lumina III, PerkinElmer, 

USA[246]. To monitor the tumor accumulation of DiI-loaded LPHNs, mice were continuously 

anesthetized with O2 and 2% isoflurane and the tumor accumulation profile of DiI-loaded 

LPHNs was evaluated at different time points (0,1,3,6,12, 24 and 36 h) using the IVIS imaging 

system. For ex-vivo imaging, animals were sacrificed and the perfused organs like tumor, heart, 

liver, kidney, lung, and spleen was isolated. These organs were also imaged using IVIS® 

Lumina III, PerkinElmer, USA[246]. 

All results were expressed as mean ± standard deviation (Mean± SD). The experimental data 

were analyzed using a graph pad with a one-way analysis of variance (ANOVA) followed by 

Tukey’s test at a defined significant level of p < 0.05. 

4.12.6.3 Safety evaluation 

The in-vivo toxicity studies for OLA loaded LPHNs (OLA-LPHNs, St@OLA-LPHNs and 

St/Biotin@OLA-LPHNs) were performed in accordance with the same protocol as mentioned 

in section 4.10. 

4.13. Development and characterization of HPPH and OLA co-encapsulated LPHNs 

4.13.1. Preparation of HPPH and OLA co-encapsulated LPHNs   

The co-encapsulate HPPH and OLA LPHNs was prepared by emulsification followed by 

solvent evaporation with slight modification[247]. Briefly, HPPH and OLA and Biotin-PEG-

PLGA and linoleic acid   was dissolved in DCM/EtOH (500 µL) was added to 3 mL of purified 

water containing acidified 2%w/v PVA. Subsequently, the mixture was sonicated at 25% 

amplitude for 3 min (Pulse on 30 sec and Pulse off 10sec) using a probe Sonicator (Sonics 

Vibra cell™, Newtown, CT, USA). It was then kept on stirring overnight at RT to remove 

DCM/EtOH, resulting in the formation of nanoparticles (Biotin@HPPH/OLA-LPHNs). 

Afterwards, Biotin@HPPH/OLA-LPHNs suspension was centrifuged at 5000 rpm for 5 min to 

remove unentrapped drug or larger particles as a pellet. In the same ways, Biotin-ss-

TPP@HPPH/OLA-LPHNs was prepared using linoleic acid-ss-TPP, instead of linoleic acid. 

Further Blank nanoparticle (Biotin-ss-TPP@LPHNs) was also prepared without using drug. 
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Figure 4.5: Schematic representation of HPPH and OLA co-loaded LPHNs 

4.13.2. Characterization of co-encapsulated HPPH and OLA loaded LPHNs 

4.13.2.1 Morphological Evaluation: Size Particle, PDI, Shape and Zeta Potential  

The particle size, polydispersity index (PDI) and zeta potential of the obtained 

LPHNs(Biotin@HPPH/OLA-LPHNs and Biotin-ss-TPP@HPPH/OLA-LPHNs) were 

determined by dynamic light scattering technique using a Malvern Zetasizer (Malvern Nano 

ZS) [190,191]. 

To characterize the surface topography, LPHNs were visualized using field emission scanning 

electron microscopy (FEISEM). Briefly, the sample was placed on a coverslip and dried in a 

vacuum dryer until complete dryness. Further, a coverslip containing Nanoparticle was 

mounted on a double faced sticky tape followed by Gold coating using sputter coater unit 

(Quorum Q150 T ES, Quorum technologies Ltd, UK) and the coated sample was subjected to  

topographical screening[242]. 

4.13.2.2 Determination of %EE and %DL 

The %EE and %DL of HPPH and OLA form LPHNs was estimated using LC-MS/MS. Briefly, 

HPPH was extracted from prepared LPHNs using destructive method. The supernatant was 

analyzed by this validated HPLC method to estimate the content of HPPH and OLA. Further, 

the following equation was used to calculate the %Entrapment efficiency and % Drug loading. 

%𝐸𝑛𝑡𝑟𝑎𝑝𝑚𝑒𝑛𝑡 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐻𝑃𝑃𝐻 𝑎𝑛𝑑 𝑂𝐿𝐴 𝑖𝑛 𝐿𝑃𝐻𝑁𝑠

𝐼𝑛𝑡𝑖𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐻𝑃𝑃𝐻 𝑡𝑎𝑘𝑒𝑛
× 100 
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%𝐷𝑟𝑢𝑔 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐻𝑃𝑃𝐻 𝑎𝑛𝑑 𝑂𝐿𝐴 𝑒𝑛𝑡𝑟𝑎𝑝𝑒𝑑 𝑖𝑛 𝐿𝑃𝐻𝑁𝑠

𝑇𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓  𝐿𝑃𝐻𝑁𝑠
× 100 

4.13.2.3 Freeze Drying of HPPH and OLA co-loaded LPHNs 

The HPPH and OLA co-loaded LPHNs were subjected to lyophilization with different 

cryoprotectants (Mannitol, Trehalose, Sucrose and PEG 4000). The freeze drying of HPPH and 

OLA co-loaded LPHNs were performed in accordance with the same protocol as mentioned in 

section 4.12.3.4. 

4.13.2.4 In-vitro release profile 

The in-vitro release study of LPHNs was performed using a cellulose dialysis bag diffusion 

technique. In brief, the free HPPH-OLA (100µg/mL of HPPH and 600 µg/mL of OLA) or eq. 

amount of their nanoparticles were placed into dialysis bag (12 kDa cut-off; SnakeSkin® 

Dialysis Tubing, Thermo Fischer Scientific). The end of the dialysis bag was sealed and were 

subsequently placed in 30 mL of release media (10mM phosphate buffer saline pH 7.4 & pH 

5.4 containing 10% w/v tween 80, 2% w/v IPA and 5% v/v PEG 400; pH 7.4 & pH 5.4) to 

maintain the sink condition. The experiment was performed under continuous vibration rate of 

100 rpm at 37ºC in an incubator. At a predetermined time, intervals, i.e., 0.25, 0.5, 1, 2, 4, 8, 

12, 24, 48 and 72 hr., 2ml of release samples were collected regularly, and replaced with an 

equivalent amount of freshly prepared release media at each time point. The amount of released 

drug was determined using LC-MS/MS method, and cumulative release was plotted against 

time. 

4.13.3 Stability study of nanoparticles 

To evaluate the stability, the lyophilized LPHNs (Biotin@HPPH/OLA-LPHNs and Biotin-ss-

TPP@HPPH/OLA-LPHNs) were divided into two groups and subjected to stability studies for 

90 days under two different temperature conditions i.e., ambient temperature (25 ± 1°C) and 

cold temperature (4 ± 2°C). The stability of LPHNs was determined by assessing its physical 

properties such as Particle Size, PDI, Zeta Potential and Entrapment Efficiency at definite time 

intervals, only after reconstituting the lyophilized LPHNs with milli-Q water under gentle 

agitation [244]. 

4.13.4.  In-vitro cytotoxic studies on 4T1 cell cline 

4.13.4.1. Estimation of combination index (CI) of HPPH and OLA co-loaded LPHNs 

The cytotoxicity study for HPPH and OLA co-encapsulated LPHNs (Biotin@HPPH/OLA-

LPHNs and Biotin-ss-TPP@HPPH/OLA-LPHNs) was performed using 3-(4, 5-
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dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide assay (MTT Assay) in accordance to 

the same protocol as mentioned in the section 4.7.2. 

4.13.4.2. Cellular uptake of HPPH and OLA co-loaded LPHNs 

For the cellular uptake evaluation, 4T1 were seeded in a six-well plate (1 × 106 cells/well) and 

kept it for 24 h at 37 °C in carbon dioxide incubator. Afterward, the uptake of LPHNs was 

studied using a coumarin-6(C6) which is commonly employed for uptake studies of 

nanoparticles. 30 μL of C6 and C6 loaded LPHNSs (Biotin@C6-LPHNs and Biotin-ss-

TPP@C6-HPPH) were administered to each well.  Further, mitochondrial penetration of 

nanocarrier was also studied using Mito-Traker (Invitrogen). Further, the treated plate was 

subjected to incubation at 37 °C for 4h and 12 h, after that media was removed and trypsinised 

to get suspended cell monolayer. The transfection HPPH and OLA coloaded LPHNs 

(Biotin@C6-LPHNs and Biotin-ss-TPP@C6-HPPH) was estimated using confocal 

microscopy at 525 nm[230].  

4.13.4.3. Apoptosis Analysis of HPPH and OLA co-loaded LPHNs 

The apoptotic assay for combination of pure HPPH and OLA and their LPHNs 

(Biotin@HPPH/OLA-LPHNs and Biotin-ss-TPP@HPPH/OLA-LPHNs) was analyzed using 

Dead cell apoptosis kit with Alexa Fluor 488-Annexin-FITC Conjugate by flow cytometry as 

per the manufacturer’s protocol (Invitrogen protocol) in accordance with the same protocol as 

mentioned in section.4.7.3 

4.13.4.4. In-vitro ROS generation Assay 

The in-vitro for HPPH-OLA and their LPHNs (OLA-LPHNs, Biotin-ss-TPP@HPPH/OLA-

LPHNs and Biotin @HPPH/OLA-LPHNs) was analyzed using DCFH-DA fluorescence’s 

probe, in accordance with the same protocol as mentioned in section.4.11.6.3 

4.13.4.5. Hemolysis Study of HPPH-OLA loaded LPHNs 

Hemolysis was studied by estimating hemoglobin content in the supernatant of the centrifuged 

RBC suspension as per the previously reported method[245]. In brief, RBCs were collected 

from Mice blood via centrifugation at 1000 rpm for 3 min. Further, the RBCs was subjected to 

washing with normal saline to obtain a colorless supernatant. The free HPPH-OLA and its 

LPHNs (Biotin@ HPPH/OLA-LPHNs and Biotin-ss-TPP@HPPH/OLA-LPHNs) were added 

to normal saline RBCs at combination of 150 and 900 µg/200µL for HPPH and OLA 

respectively and incubated for 30 min at 37 °C. The incubated samples were centrifuged for at 

1500 rpm for 25 min. The supernatants were collected and analyzed using plate reader (Biotek 
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Synergy H1) at 540 nm to calculate the % hemolysis. In the similar way, positive control and 

negative control were also processed. 

4.13.6. In vivo animal studies HPPH and OLA co-loaded LPHNs 

The in-vivo (pharmacodynamics, pharmacokinetic, toxicity and biodistribution) studies for 

HPPH and OLA co-encapsulated LPHNs (Biotin@HPPH/OLA-LPHNs and Biotin-ss-

TPP@HPPH/OLA-LPHNs) were performed as mentioned in the section 4.8, 4.9, 4.10 and 

4.12.5.2 respectively. All results were expressed as mean ± standard deviation (SD). The 

experimental data were analyzed using a graph pad with a one-way analysis of variance 

(ANOVA) followed by Tukey’s test at a defined significant level of p < 0.05





 

RESULTS 
 

 
  





Results 

 

 

Page 80 of 210 

 

 

5. Results 

5.1.Analytical method development and Validation of HPPH using RP-HPLC  

5.1.1. Method development 

The RP-HPLC-based method was performed by Shimadzu HPLC with UV-Visible detector. 

Chromatographically, two different columns including Durashell C18 and Waters X bridge 

RP18 were used for the separation of the analyte. From the initial screening process, separation 

of HPPH on Durashell C18 with Mobile phase (acetonitrile and sodium phosphate buffer pH 

4.2; 80:20) showed delayed retention time i.e., at 17.3 min with interference. While, Elution 

on Waters Xbridge RP18 column with mobile phase (acetonitrile and sodium phosphate buffer 

pH 4.2; 80:20), exhibited the retention time at 4.7 min with noise interference.  

Table 5.1: Chromatographic condition for HPPH 

Chromatographic Parameter Optimized condition for HPPH 

System Shimadzu HPLC (LC-2010HT, Shimadzu Corporation, Japan) 

Column Waters X BridgeTM Shield RP 18 (50 × 4.6 mm i.d., 5 µm) 

Injection volume 20 µL 

Linearity range 50-2000 ng/Ml 

R2 value 0.999 

Mobile phase Acetonitrile: Ammonium acetate pH 4.2 (80:20) 

Oven Temperature Ambient temperature(30ºC) 

Wavelength 406 nm 

 

Thereafter, Waters Xbridge RP18 column was selected because of the good properties 

including separation efficiency, lower tailing factor, a high number of the theoretical plate and 

shortest retention time when compared to Durashell C18 column. Moreover, two buffer 

systems including ammonium acetate, and phosphate buffer with pH 4.0 were also used for 

chromatographic screening. Finally, it was observed that ammonium acetate with pH 4.0 

showed clear baseline and symmetric peaks compared to other buffer systems. The 

chromatographic condition and chromatogram were shown in Table 5.1 and Figure 5.1 

respectively. 
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Figure 5.1: Chromatogram of HPPH; A) Blank, B) LQC, C) HQC 

5.1.2. Method validation Parameters 

5.1.2.1. System suitability 

System suitability test was performed as per ICH Q2 R1 guideline. This was expressed in terms 

of retention time, HETP, theoretical plate and tailing factor. From the result, these values were 

found to be 6.2 min for RT, 47.04 for HETP, 3188 for theoretical plate and 1.080 for tailing 

factor, respectively. A good and suitable performance of the system was indicated by the results 

of the system suitability test. The parameters with respect to system suitability of standard 

solution were within the limits which indicated a degree of acceptability. 

5.1.2.2.Specificity 

The specificity of developed method was checked by analysing of the amount of HPPH in its 

lipid-polymeric nanoparticle without any interference from the excipients. The specificity 

result was revealed in term of %recovery and obtained value for HPPH was 99.90 ± 1.10%. 

The obtained result indicated that there was no obstruct from the different excipients used in 

the carrier system and suggested that the developed method was highly specific to HPPH. 
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5.1.2.3.Linearity and range 

The linearity was conducted with six injections of calibration points. The calibration curve 

equation was y = 179.81x - 639.66. From the data, the calibration curves displayed a linear 

relationship over a range of 50-2000 ng/mL for HPPH with an R2 value of 0.999.  

5.1.2.4.Accuracy and precision  

Accuracy and precision with respect to intra-day and inter-day were calculated at four different 

quality control levels i.e., LOQ, MQC1, MQC2, and HQC with four sets of samples. All the 

results of accuracy and precision were shown in Table 5.2. The obtained results meet the 

acceptance criteria as per guidelines and exhibited the accuracy and highly reproducible nature 

of the method. 

Table 5.2: Accuracy and precision of HPPH 

Levels  

 

 Nominal 

Conc. 

(ng/mL) 

Intra-day Inter-day 

%RSD %Bias %RSD %Bias 

LQC 75 1.40 -1.06 1.69 0.87 

MQC1 300 1.12 -0.26 1.67 1.08 

MQC2 900 0.12 1.21 1.22 1.10 

HQC 1800 0.07 0.43 1.69 1.28 

 

5.1.2.5.Sensitivity 

The LOD and LOQ were calculated using the S/N ratio of response of analyte and their value 

was found to be 14.03 ng/mL for LOD and 42.80 ng/mL for LOQ respectively. This indicated 

the developed method was highly sensitive. 

5.1.2.6.Robustness 

Robustness of developed RP-HPLC method was conducted using three different conditions i.e. 

flow rate, pH, mobile phase ratio and %RSD were calculated at MQC 2. The data were shown 

in Table 5.3 which was within the acceptance limit as per ICH Q2 R1. The results indicated 

that HPPH was not disturbed by minor deviation in process parameters, such as flow rate and 

mobile phase ratio and the area response of HPPH remained the same. Hence, the method was 

highly robust and can be used for routine analysis. 

Table 5.3: Robustness of HPPH 

Parameter Level Nominal 

Value(ng/mL)  

Observed Value(ng/mL) 

(Mean ±SD) 

%RSD 

 

Flow rate 

(mL/min) 

0.8 900 917.33±9.44 1.02 

1 900 907.87±3.84 0.42 

1.2 900 899.35±9.24 1.02 

 

 

pH 

4.2 900 896.71±1.73 0.19 

4.0 900 909.73±11.26 1.23 

3.8 900 917.33±14.33 1.56 
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Mobile phase 

(ACN : AA) 

75:25 900 915.48±12.85 1.40 

80:20 900 909.55±10.48 1.15 

85:15 900 896.45±0.48 0.05 

ACN: Acetonitrile; AA: 10mM Ammonium Acetate Buffer pH 4.2 

5.1.2.7.Stability 

The stability studies including benchtop, short term, auto-sampler, long term, and the stock 

solution were performed under different conditions with different environments. Both stock 

solution stability (10 days) and long-term stability (180 days) studies were performed at −20° 

C. Short-term stability and auto-sampler stability studies were performed at 4º C with four QC 

concentrations for 14 days and 24 h respectively. Similarly, a bench-top stability study was 

conducted at room temperature for 7 hr. The stability study of HPPH was determined based on 

the peak areas and retention time compared to the freshly prepared solution of QC samples. 

The %RSD among these samples was calculated. For HPPH, the %RSD was found to be less 

than 2%. The analytes were found to be stable at different temperature conditions. The 

representative data were shown in Table 5.4. 

  

Table 5.4: Different Stability studies of HPPH 

Exercise Level Nominal Conc. (ng/mL) %RSD %Bias 

Stock solution 

Stability 

(10 days) 

 

LQC                    75 1.89 -1.45 

MQC1 300 1.15 -0.94 

MQC2 900 0.27 1.66 

HQC 1800 0.79 1.27 

Autosampler 

Stability (24 hr.) 

 

LQC 75 1.25 0.44 

MQC1 300 1.05 -0.38 

MQC2 900 0.26 1.98 

HQC 1800 0.83 1.26 

Benchtop 

Stability (7 hr.) 

 

 

LQC 75 1.79 -0.51 

MQC1 300 1.10 -0.99 

MQC2 900 0.10 1.83 

HQC 1800 0.70 0.86 

Short term 

Stability(14days) 

 

LQC 75 0.77 1.43 

MQC1 300 0.53 -0.05 

MQC2 900 1.23 0.97 

HQC 1800 1.35 1.70 

Long term 

Stability 

 (180 days) 

 

LQC 75 1.39 -1.25 

MQC1 300 0.56 -0.99 

MQC2 900 0.10 1.83 

HQC 1800 0.93 1.07 

 

5.1.2.8.Forced degradation studies of drug 

Different forced degradation studies of HPPH were performed under different conditions such 

as basic, acidic, oxidative, light, and thermal. From the results, it was shown that HPPH was 

highly sensitive to alkali and subsequently resulted in its degradation. While, HPPH was 

comparatively stable under acidic, oxidative, photolytic, and thermal stress. For oxidation, 
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HPPH was affected by oxidation stress degradation studies using hydrogen peroxide. Only 

0.02% of the drug was degraded which indicated that HPPH was stable under oxidative stress. 

Further, HPPH in alkaline medium i.e., treated with 1N NaOH showed 98.98% degradation 

after five minutes of incubation. This degradation may be due to the precipitation of HPPH in 

a basic environment. Consequently, the acidic study of HPPH was revealed that there was no 

degradation of the drug in acidic interaction. The hydrolysis in acidic conditions was lower 

than hydrolysis in alkaline conditions. Photolytic studies showed that less than 1% of HPPH 

i.e., 0.23% was degraded in sunlight treatment. Subsequently, the thermal study showed that 

there was no degradation of HPPH in 80º C. The representative chromatograms of the forced 

degradation study of HPPH were depicted in Figure 5.2. From this study, it can be revealed 

that the developed method was highly selective indicating i.e., the developed method can detect 

and differentiate the impurity peaks in the sample matrix. This could be utilized during 

formulation development for the investigation of impurity generation. 

 

Figure 5.2: Force degradation study of HPPH 
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5.2. Analytical method development and validation of OLA by RP-HPLC 

5.2.1. Method development 

The RP-HPLC-based method was done with Shimadzu HPLC with UV-Visible detector. 

Chromatographically, Waters X bridge RP18 were used for the separation of the analyte. The 

OLA elution was carried out with mobile phase mixture (acetonitrile and Ammonium acetate 

pH 4.2; ratio 30:70), exhibited the retention time at 3.7 min with noise interference.  

Table 5.5: Chromatographic condition for OLA 

Chromatographic Parameter Optimized condition for OLA 

System Shimadzu HPLC (LC-2010HT, Shimadzu Corporation, Japan) 

Column Waters X BridgeTM Shield RP 18 (50 × 4.6 mm i.d., 5 µm) 

Injection volume 20 µL 

Linearity range 50-2000 ng/mL 

R2 value 0.992 

Mobile phase Acetonitrile: Ammonium acetate pH 4.0 (30:70) 

Oven Temperature Ambient temperature(30ºC) 

Wavelength 269 nm 

 

Finally, it was observed that ammonium acetate with pH 4.0 showed clear baseline and 

symmetric peaks. The chromatographic condition and chromatogram were shown in Table 5.5 

and Figure 5.3 respectively.  
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Figure 5.3: Chromatogram of OLA; A) LQC (75ng/mL); B) HQC 1800ng/mL; C) Blank 

 

5.2.2. Validation Parameters 

Assay validation of the method was performed on the basis of various parameters including 

accuracy, precision, specificity, system suitability and stability as per the guidelines. 

5.2.2.1.Specificity 

The specificity of developed methods for OLA were assessed with MQC level by spiking the 

mobile phase with different excipients utilized in nano-formulation. It was observed that there 

is no interference with analytes retention time which indicated that method was highly specific 

drugs.  

5.2.2.2.System suitability 

The System suitability of developed method was carried out using six replicates of the injection 

of QC level (MQC2). All the result suggested that the instrument facility is highly efficient for 

analysis. The representative values of system suitability were shown in the table 5.6. 
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Table 5.6: System Suitability Parameter of OLA 

Parameters Acceptance limit OLA 

Tailing factor <1.5 1.011 

Theoretical plate >2000 3820.0 

HETP - 36.55 

 

5.2.2.3.Calibration curve and Linearity 

The developed method was validated with eight calibration standard concentration over a 

linearity range of 50-2000ng/mL. The obtained result indicated that observed linearity was 

successfully fitted calibration range with R2 value of 0.992. The representative calibration 

curves with standard calibration equation were depicted in Figure 5.11. 

 

         Figure 5.4: Calibration curve and standard calibration equation of OLA 

 

5.2.2.4.Accuracy and precision 

Accuracy and precision of developed method were accessed with five different QC level i.e., 

LLOQ, LOQ, MQC, MQC2 and HQC in 4 replicates. Both % Bias and % RSD were found 

within the range of ±2% that indicates developed method was highly accurate and précised. 

The obtained data for both accuracy and precision were revealed in Tables 5.7. 

Table 5.7: Accuracy and precision of OLA 

Levels  

 

Nominal 

Conc. (ng/mL) 

Intra-day Inter-day 

%RSD %Bias %RSD %Bias 

LLOQ 50 1.73 -0.94 0.66 -1.26 

LQC 75 1.72 1.65 2.68 0.00 

MQC1 300 1.99 -1.05 0.88 -0.95 

MQC2 900 1.99 0.52 0.22 0.55 

HQC 1800 1.87 -0.10 0.04 -0.11 
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5.2.2.5.Sensitivity: LOD and LOQ 

Based on S/N ratio, LOD and LOQ values was 16.27 ng/mL and 48.2 ng/mL. Hence, the data 

indicates that method is highly sensitive to perform the desired assay of OLA.  

5.2.2.6.Robustness 

The developed methods were subjected to robustness analysis using three parameters viz. flow 

rate, pH and mobile phase composition at MQC2 level. The obtained data for robustness were 

mentioned in table 5.8. It was indicated that % RSD were found within the acceptance criteria 

limit. Therefore, the developed method is said to be highly robust and can be utilized in routine 

analysis. 

Table 5.8: Robustness of analytical method of OLA 

 

ACN: Acetonitrile; AA: Ammonium Acetate Buffer; 

 

5.2.2.7.Stability 

The stability studies including benchtop, short term, auto-sampler, long term, and the stock 

solution were performed under different conditions with different environments. Both stock 

solution (10 days) and long-term stability (180 days) studies were performed at −20° C. Short-

term stability and auto-sampler stability studies were performed at 4º C with four QC 

concentrations for 14 days and 24 hrs respectively. Similarly, a bench-top stability study was 

conducted at room temperature for 7 hrs. The stability study of OLA was determined based on 

the peak areas and retention time compared to the freshly prepared solution of QC samples. 

The %RSD among these samples was calculated. For OLA, the %RSD was found to be less 

than 2%. The analytes were found to be stable at different temperature conditions. The 

representative data are shown in Table 5.9.  

 

 

 

Parameter Level Nominal Value 

(ng/mL)  

Observed Value(ng/mL) 

(Mean ±SD) 

%RSD 

Flow rate 

(mL/min) 

0.8 900 907.17 ± 4.97  0.55 

1 900 901.48 ± 16.73  1.86 

1.2 900 895.70± 23.84  2.66 

pH 4.4 900 899.50 ± 9.47  1.05 

4.2 900 901.97± 6.81  0.76 

4.0 900 906.92± 2.29 0.25 

Mobile Phase 

(ACN: AA) 

25:75 900 905.68± 1.32  0.15 

30:70 900 902.47±0.19  0.02 

35:65 900 884.65± 1.44 0.16 
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Table 5.9: Different Stability studies of OLA 

Exercise Level Nominal Conc. (ng/mL) %RSD %Bias 

Stock solution 

Stability 

(10 days) 

 

LQC 75 1.66 -0.50 

MQC1 300 2.68 0.00 

MQC2 900 0.90 -0.94 

HQC 1800 0.28 0.47 

Autosampler 

Stability 

(24 hr.) 

 

LQC 75 1.65 -0.45 

MQC1 300 0.47 -1.34 

MQC2 900 1.13 -1.77 

HQC 1800 0.23 0.54 

Benchtop 

Stability(7hr.) 

 

LQC 75 1.25 -1.54 

MQC1 300 0.52 -1.51 

MQC2 900 0.92 -0.89 

HQC 1800 0.14 0.45 

Short term 

Stability 

(14 days) 

 

LQC 75 0.63 -1.31 

MQC1 300 0.44 1.64 

MQC2 900 0.88 -0.95 

HQC 1800 0.15 0.63 

Long term 

Stability 

(180 days) 

LQC 75 0.95 -1.04 

MQC1 300 0.21 -1.52 

MQC2 900 1.03 -0.81 

HQC 1800 0.29 0.59 

 

5.3.Simultaneous analytical method development and validation of HPPH and OLA by LC-

MS/MS 

5.3.1. Method Development 

The analytical method in mice plasma  was developed  for both OLAand HPPH using LC-

MS/MS  with Acquity UPLC®BEH C18 column (150 mm × 2.1 mm i.d, 1.7 µM particle size) 

and mobile phase mixture of 0.1 % formic acid in 10mM Ammonium Acetate, Acetonitrile, 

Methanol with the ratio of 5:85:10 at a flow rate of 0.350 mL/min. The analysis of OLA and 

HPPH was done by ESI positive mode. The transitions m/z 637.99 → 267.14, and 

m/z 434.99 → 367.14 was obtained for HPPH and OLA respectively. The representative 

chromatographic condition was depicted in table 5.10. 

Table 5.10: Chromatographic condition of HPPH-OLA 

Chromatographic Parameter Optimized condition 

LC-MS/MS system Waters ACQUITY UPLC® system (Waters Corporation, 

Milford, MA, USA) 

Column Waters UPLC® BEH C18 (2.1 × 50 mm, 1.7 μm) 

Column oven temperature 40 ºC 

Mobile Phase Acetonitrile: Methanol: 0.1% Formic Acid in AA:  85:10:05 

(Isocratic) 

Flow rate 0.350 mL/min 

Injection volume 10µL 

Linearity 1.56-200 ng/mL (HPPH and OLA) 

Run Time 6.00 Min. 
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Injection volume was kept 10 µL. Total analysis time of single injection was 5 min. Besides, a 

two step liquid-liquid extraction by using diethyl ether was employed for sample extraction. 

The retention time of HPPH and OLA  were  about 3.1 min  and 1.05min  respectively. The 

representative MRM are depicted  in figure 5.5. 
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Figure 5.5: MRM based simultaneous chromatogram of HPPH and OLA; A) Blank; B) LQC (2ng/mL);C) 

MQC (90ng/mL); D)HQC (180ng/mL) 
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5.3.2. Method validation 

5.3.2.1.System suitability 

The results of the system suitability indicates that instrumentation has shown good performance 

of the system. The system suitability parameters of standard solution were found to be within 

the limits. 

5.3.2.2.Linearity and Calibration curve 

The calibration curves were exposed with a good linear relationship over a range of 1.56-200 

ng/ml for HPPH and OLA. The results for the linearity of the calibration curve were validated 

by the regression coefficient (R2) which is given in Table 5.11. 

Table 5.11: Standard calibration curves equation and correlation coefficients of HPPH and OLA 

Analytes Standard curve equation R2 value 

HPPH y = 1600.03x + 697.53 0.993 

OLA y = 1012.1x + 614.13 0.993 

 

5.3.2.3.Accuracy and Precision 

Accuracy and precision (intra- and inter-batch) were determined at four different levels i.e., 

LOQ, MQC,MQC2 and HQC in 4 replicates manner; the representative data was depicted in 

Table 5.12. The result suggested that accuracy and precision of both OLA and HPPH were fall 

on acceptance criteria as per analytical guidelines. hence, it can say to be the developed 

methods is highly accurate and reproducible. 

Table 5.12: Accuracy and Precision of HPPH and OLA 

Drugs Level Nominal 

Concentration 

(ng/mL) 

Intra day Inter day 

% RSD % Bias % RSD % Bias 

HPPH 
LQC 2 0.68 -1.81 1.73 0.75 

MQC 15 0.48 1.92 1.72 1.54 

MQC2 90 1.95 -1.29 1.99 0.81 

HQC 180 1.09 -0.05 1.87 1.54 

 OLA 
LQC 2 1.38 -1.98 1.83 0.65 

MQC 15 0.46 1.96 1.93 1.40 

MQC2 90 1.99 -1.10 1.99 0.79 

HQC 180 1.13 -0.02 1.86 1.55 

 

5.3.2.4.Sensitivity: LOD and LOQ 

The sensitivity was were established using the S/N ratio parameter as per the analytical 

guidelines.  The LOD value were found to be 300 pg/mL and 1.02 ng/mL for OLA and HPPH 

respectively. Likewise, the obtained LOQ was 250 pg/mL and 1.05 ng/mL for OLA and HPPH 
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respectively. Hence, this data shown that the developed simultaneous method was highly 

sensitive for analysis.  

5.3.2.5.Robustness 

The obtained data revealed that the developed method was met acceptance criteria i.e., all area 

response fall on % RSD value ±2. Thus, the method is said to be a robust and the results are 

shown in Table 5.13. 

Table 5.13: Robustness (Different Analyst) HPPH and OLA 

Drug Level Concentration 

(ng/ml) 

%RSD %Bias 

HPPH 
LQC 2 1.38 -1.98 

MQC 15 0.46 1.96 

MQC2 90 1.99 -1.10 

HQC 180 1.13 -0.02 

OLA 
LQC 2 1.83 0.65 

MQC 15 1.93 1.40 

MQC2 90 1.99 0.79 

HQC 180 1.86 1.55 

 

5.3.2.6.Stability 

Based on regulatory guidelines, the stability studies for the developed method were executed 

in terms of bench-top, short term, auto-sampler, long term, and the stock solution. The stability 

study of OLA and HPPH was determined with respect to %RSD and % Bias compared to the 

freshly prepared solution of QC samples. The obtained data suggested that %RSD& and %Bias 

of this simultaneous method of OLA and HPPH was within 2%. Both the analytes were shown 

to be stable with respect to different stability studies. The obtained result for different stability 

were mentioned in Table 5.14.  

Table 5.14: Stability studies of HPPH and OLA 

Stability QC Sample Level HPPH OLA 

%RSD %Bias %RSD %Bias 

Autosampler 

Stability (24 hr.) 

LQC 2 0.85 -1.98 1.51 -2.05 

MQC 15 0.41 1.97 0.08 1.50 

MQC2 90 1.95 -1.28 1.99 0.72 

HQC 180 1.09 -0.05 1.88 1.53 

Bench-Top 

Stability (7 hr.) 

LQC 2 1.44 -1.65 1.95 0.44 

MQC 15 0.45 1.95 0.93 -1.51 

MQC2 90 1.99 -1.24 0.70 -1.87 

HQC 180 1.10 -0.02 1.90 1.56 

Freeze-Thaw Stability  

(3-cycle,48hr.) 

LQC 2 0.85 -1.98 1.73 0.75 

MQC 15 0.33 2.01 1.72 1.54 



Results 

 

 

Page 94 of 210 

 

MQC2 90 1.95 -1.29 1.99 0.58 

HQC 180 1.09 0.05 1.88 1.53 

Short-term Stability 

(14 days) 

LQC 2 1.69 1.81 1.73 0.75 

MQC 15 0.21 2.06 1.73 1.40 

MQC2 90 1.94 -1.29 1.99 0.81 

HQC 180 1.15 -0.23 1.96 1.43 

Long-term Stability 

(180 days) 

LQC 2 0.68 -1.81 1.73 0.75 

MQC 15 0.43 1.84 0.56 -2.06 

MQC2 90 1.92 -1.27 1.98 0.64 

HQC 180 1.09 -0.04 1.90 1.54 

 

5.4. Bioanalytical method development and validation of HPPH and OLA using LC-MS 

5.4.1. Method development 

The bioanalytical method in mice plasma  was developed  for both OLA and HPPH using LC-

MS/MS  with Acquity UPLC®BEH C18 column (150 mm × 2.1 mm i.d, 1.7 µM particle size) 

and mobile phase mixture of 0.1 % formic acid in 10mM Ammonium Acetate, Acetonitrile, 

Methanol with the ratio of 7:83:10 at a flow rate of 0.350 mL/min. The analysis of OLA and 

HPPH was done by ESI positive mode. Docetaxel was selected as internal standard. The 

transitions m/z 637.99 → 267.14, m/z 434.99 → 367.14 and m/z 830.059 → 304.11 was 

obtained for HPPH, OLA and Docetaxel (IS) respectively. The representative table was 

depicted in table 5.15.  

Table 5.15: Optimization of chromatographic condition of HPPH-OLA (Mice plasma) 

Chromatographic Parameter Optimized condition 

LC-MS/MS system Waters ACQUITY UPLC® system (Waters Corporation, Milford, MA, USA) 

Column ACQUITY UPLC®BEH Shield RP column (150mm*2.1, 1.7µm IDM) 

Column oven temperature 40 ºC 

Mobile Phase Acetonitrile:Methanol: 0.1% Formic Acid in AA ::  83:10:07 (Isocratic) 

Flow rate 0.350 mL/min 

Injection volume 10µL 

Linearity 1-320 ng/mL (HPPH and OLA) 

Run Time 6.00 Min. 

 

The injection volume was kept 10 µL. The total analysis time for single injection was 5 min. 

Besides, a single  step liquid-liquid extraction was employed using diethyl ether for sample 

processing. The retention time of HPPH, OLA and  Docetaxel (IS) were 4.04 min , 1.03 min  

and 1.05 min  respectively. The representative MRM were depicted  in figure 5.6. 
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Figure 5.6: MRM based simultaneous chromatogram for HPPH and OLA; A) Blank; B) LQC (2ng/mL); 

C)HQC (300ng/mL) 

 

5.4.2. Assay Validation for HPPH and OLA in mice Plasma 

5.4.2.1.System suitability  

The system suitability test was performed at MQC2 (100 ng/mL) level for six repeat injections. 

The % CV of the retention times and peak area response of both analytes and IS were within 

the acceptance limit i.e., 2% and 5% CV, respectively which was confirmed that the developed 

method was suitable for analysis. 

5.4.2.2.Selectivity 

The selective study was performed with six different pooled plasma. The obtained selectivity 

data for both OLA and HPPH indicated that plasma matrix showed no significant interference 

at retention time. The MRM based chromatograms representation of blank plasma and LLOQ 

was depicted in figure 5.6. 
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5.4.2.3.Carry-over effect 

The carry-over results suggested that no enhancement in the peak area ratio response was 

observed in blank samples after the ULOQ at retention times. 

5.4.2.4.Calibration Curve and Linearity 

The calibration curves were linear over the concentration range of 1–320 ng/mL for both HPPH 

and OLA which is given in the table 5.16.  

Table 5.16: Standard calibration curves equation and correlation coefficients of HPPH-OLA(Plasma) 

Drug Standard curve equation R2 value 

HPPH y = 0.0333x - 0.0063 0.998 

OLA y = 0.0314x - 0.0182 0.993 

 

The calibration model was fitted on basis of the analysis of the data by linear regression with 

and without intercepts (y=mx+c and y=mx) and weighting factors (1/x2). The lowest 

concentration with RSD < 20% was taken as LLOQ and was shown to be 1.05ng/mL. The 

representative calibration curve is shown in the Figure 5.7. 

 

Figure 5.7: Calibration curve of HPPH and OLA 

5.4.2.5.Sensitivity: Lower limit of detection (LOD) and Lower limit of quantification (LOQ) 

In this method, LOD for HPPH was 0.280 ng.mL-1 and 0.330 ng.mL-1 for OLA which was 

calculated based on S/N ratio ≥3. In the same manner, LLOQ was found to be 1.05 ng ml-1 for 

both HPPH and OLA which was exhibited on the basis of S/N ratio ≥10. Moreover, LLOQ was 

estimated accurately and precisely as per international standard guidelines.  
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5.4.2.6.Matrix effect  

The obtained results indicated that the there is no significant interference of biometrics for all 

QC sample (table 5.17). 

Table 5.17: Matrix effect of HPPH-OLA(Plasma) 

Drug Level Nominal Concentration 

 (ng/ml) 

Calculated concentration 

(ng/ml) 

%RSD 

HPPH LQC 2 1.97± 0.13 6.55 

MQC1 50 48.08± 6.60 13.73 

MQC2 100 104.63± 5.48 5.24 

HQC 300 286.54 ± 19.16 6.69 

OLA LQC 2 1.99 ± 0.10 4.77 

MQC1 50 55.76 ± 2.51 4.50 

MQC2 100 87.18 ± 3.13 3.59 

HQC 300 307.03 ± 16.67 5.43 

 

5.4.2.7.Precision and accuracy of HPPH-OLA(Plasma) 

The precision and accuracy of six replicates at five different concentrations (LLOQ, LQC, 

MQC1, MQC2 and HQC) were performed and the value was found within the acceptable 

criteria of 85-115%. The results of inter-day and intra-day accuracy and precision are illustrated 

in the table 5.18. 

Table 5.18: Accuracy and Precision of HPPH and OLA(Plasma) 

Drugs Level Nominal Concentration 

(ng/mL) 

Intra day Inter day 

% RSD % Bias % RSD % Bias 

HPPH LLOQQC 1.05 1.53 15.51 14.53 -8.87 

LQC 2 11.58 -7.04 11.32 4.55 

MQC1 50 13.64 -4.22 6.70 -10.57 

MQC2 100 3.95 2.73 3.51 9.26 

HQC 300 6.50 -4.49 5.26 0.54 

OLA LLOQQC 1.05 11.72 -14.47 2.71 -7.13 

LQC 2 5.49 -4.00 1.37 -3.47 

MQC1 50 6.10 10.02 6.24 10.26 

MQC2 100 4.50 -13.77 4.49 -13.71 

HQC 300 5.07 1.91 4.86 1.67 

 

5.4.2.8.Dilution integrity 

The dilution integrity was performed at 1200 ng. mL-1 for both HPPH and OLA i.e., four times 

higher than ULOQ. The obtained results were demonstrated that the accuracy value (% 

recovery) of HPPH and OLA was found to be 102.31 ± 3.92 and 99.56± 2.34 respectively. The 

results of dilution integrity indicated that % recovery met the acceptance criteria.   

5.4.2.9.Robustness 

The robustness results against different analyst indicated that the precision and accuracy value 

were within acceptance criteria i.e., ±15% (%RSD and %Bias) for all QCs which were depicted 

in the table 5.19. 
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Table 5.19: Robustness against different analyst of HPPH and OLA(Plasma) 

Drug      Level             Concentration (ng/ml)    %RSD     %Bias 

HPPH LQC 2 6.02 -1.80 

MQC1 50 13.95 -4.03 

MQC2 100 5.24 4.63 

HQC 300 6.27 -4.17 

OLA LQC 2 4.86 -3.47 

MQC1 50 5.86 10.26 

MQC2 100 4.57 -13.88 

HQC 300 5.13 1.99 

 

5.4.2.10. Stability studies 

According to US-FDA, the different stability studies (Autosampler, Bench-top, Freeze-thaw, 

Short-term and Long-term) were carried out at four different QC sample. As shown on Table 

5.20, the data suggested that both the compounds (OLA and HPPH) were within the acceptance 

criteria as per the US-FDA guideline.     

Table 5.20: Stability studies of HPPH and OLA(Plasma) 

Stability QC Sample Level HPPH OLA 

%RSD %Bias %RSD %Bias 

Autosampler 

Stability (24 hr.) 

LQC 2 2.22 10.93 0.65 -3.48 

MQC1 50 7.75 -6.87 4.76 0.62 

MQC2 100 4.29 10.80 3.06 -11.06 

HQC 300 5.17 0.72 3.52 -11.18 

Bench-Top 

Stability (7 hr.) 

LQC 2 2.90 3.96 2.43 -2.42 

MQC1 50 8.99 -7.43 8.57 -1.51 

MQC2 100 4.97 11.29 4.78 -2.24 

HQC 300 8.01 -1.36 4.84 -10.47 

Freeze-Thaw 

Stability 

(3-cycle,48hr.) 

LQC 2 3.84 8.48 6.07 -0.29 

MQC1 50 10.25 -5.10 2.28 6.33 

MQC2 100 2.69 7.16 5.62 -14.77 

HQC 300 5.35 0.56 3.94 -11.17 

Short-term 

Stability 

(14 days) 

LQC 2 5.28 8.23 3.37 -1.88 

MQC1 50 6.49 -8.32 6.80 2.74 

MQC2 100 2.43 9.95 1.39 -7.95 

HQC 300 3.37 0.17 4.03 -11.53 

Long-term 

Stability 

(180 days) 

LQC 2 1.28 14.24 1.16 -4.54 

MQC1 50 9.19 -5.42 4.43 4.89 

MQC2 100 5.59 5.15 7.28 -14.83 

HQC 300 2.45 -1.02 3.68 -4.09 
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5.5. In-vitro cell culture study to explore the therapeutic potential of HPPH and OLA 

5.5.1. Invitro cytotoxicity test of HPPH and OLA 

The MTT assay was performed with different concentrations of HPPH to estimate cell viability. 

MTT is based on colorimetric analysis which quantify the reduction of yellow MTT by 

mitochondrial enzyme i.e., succinate dehydrogenase. Based on the MTT results data, 50% of 

cell death (IC50) was observed at the dose 9.90 µM after 48 h (Figure 5.8). 

 

 

Figure 5.8: MTT assay of HPPH and OLA 

In the same way, the MTT assay was performed for OLA with different concentrations to 

estimate cell viability. Based on the MTT results data of OLA, 50% of cell death (IC50) was 

observed at the dose 59.8 µM after 48 hr. and no significant morphological changes were 

observed in the 4T1 cell line (figure 5.8). 

5.5.2. Evaluation of HPPH and OLA synergy 

The synergistic effect of combining HPPH and OLA(HPPH-OLA) was studied in 4T1 cell line 

based on the IC50 value of HPPH and OLA (Fixed combination with a ratio 1:6). The HPPH-

OLA showed greater cytotoxicity when compared with HPPH and OLA- alone. The 

combination index of HPPH-OLA is less than 0.9 which indicated a strong synergy between 

HPPH and OLA in 4T1 cell line. The figure 5.9. shows the results of a dose-response effect 

and cytotoxicity study where (A) shows cytotoxicity of combination of HPPH and OLA (B) 

Combination index plot for HPPH-OLA. The cell viability of HPPH-OLA showed 46.27% cell 

viability at the HPPH/OLA combination dose of 4 µM /24 µM as shown in figure 5.9.  
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Figure 5.9: Dose-response effect and cytotoxicity study; (A) cytotoxicity of combination of HPPH and OLA 

(B) Combination index plot for HPPH-OLA  

5.5.3. In vivo efficacy study of HPPH and OLA 

The in-vivo efficacy was assessed in Luciferin tagged 4T1 (luc-4T1) tumor bearing animal 

model using an in vivo imaging technique with the IVIS® Lumina III, PerkinElmer, USA. The 

treatment was carried out for 10 days with daily administration of drug. The HPPH and OLA 

was administered intravenously at the dose of 5mg/kg.bw and 30mg/kg.bw respectively 

through tail vein.  After every treatment, all the animals were exposed to laser light at 650nm 

for 20min. The survival timing, body weight and change in behavior of all the animals were 

recorded during the study period. On days 0, 3, 6, and 10 of the treatment periods, all the 

animals in each group i.e., HPPH, OLA and HPPH-OLA were examined for tumor growth, and 

body weight of the animal and their value were recorded. The body weight of all the group 

animal showed similar to the control group (figure 5.10 A). As shown in figure 5.11., the 
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luminescence intensity and in vivo imaging from treatment Day 0 to Day 10 was recorded for 

each group of animals i.e., Control, HPPH, OLA and HPPH-OLA. The result showed HPPH-

OLA treated group has greater tumor suppression when compared to other treatment and 

control group which was further confirmed by measuring the tumor volume by vernier caliper 

(figure 5.10 B). 

 

Figure 5.10: Body weight and tumour volume of each animal group i.e., Control, HPPH, OLA and HPPH-

OLA 
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Figure 5.11: Luminescence imaging and intensity of each animal group i.e., control, HPPH, OLA and 

HPPH-OLA 

 

In-vivo ROS generation was also studied using DCFH-DA fluorescence probe. As shown in 

figure 5.12, the study confirmed that the treatment group i.e., OLA, HPPH and HPPH-OLA 

were able to induce ROS in tumor bearing animal.  
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Figure 5.12: In vivo ROS study of HPPH, OLA and HPPH-OLA;(A) In-vivo image (B)Microscopic image 

of tumor tissue(C) Fluorescence intensity of tumor tissue; Data represent mean ±SD. **** p value < 0.0001 

and *** p value < 0.001 compared with the control group 

 

Moreover, tumor and organ tissue were collected from all the groups (control, HPPH, OLA 

and HPPH-OLA) and subjected to sectioning by microtome which were further used for 

histological analysis and tunnel assay. The tunnel assay as shown in figure 5.13 suggested that 

OLA, HPPH and HPPH-OLA showed apoptotic ratio of 15.5%, 21.3% and 30.5% respectively 

as compared to control. 
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Figure 5.13: Tunnel assay for HPPH, OLA and HPPH-OLA; Data represent mean ±SD. **** p value < 

0.0001 and *** p value < 0.001 compared with the control group 

 

Also, histochemical analysis, as shown in figure 5.14, was performed for all the above-

mentioned groups/entities using hematoxylin and eosin (H&E) dye, which revealed that no 

toxicity was observed in vital organs of all the treated groups. 

 

Figure 5.14: Histochemical analysis for HPPH, OLA and HPPH-OLA using H&E stanning 
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5.6. In-vivo pharmacokinetic study 

The validated LC-MS/MS based simultaneous method for HPPH and OLA was successfully 

utilized for the estimation of their concentration in mice plasma after intravenous 

administration at the dose of 5mg/kg.bw (HPPH) and OLA (30 mg/kg.bw) respectively. The 

mean plasma concentration-time profile of HPPH, OLA and combination of HPPH and OLA 

was determined for up to 24 hr. which is shown in the figure 5.15. Further, a non-

compartmental analysis method (NCA) was employed for the evaluation of all the 

pharmacokinetic parameters for HPPH(Alone), OLA (Alone) and their combination 

(HPPH/OLA) via WinNonlin software version 8.3 (Certara, USA).  

 

 

Figure 5.15: Mean plasma concentration–time profiles of (A) OLA (30 mg/kg) and (B)HPPH (5 mg/kg) 

after i.v. administration of OLA and HPPH alone and their combination to Balb/c mice 

The C0 was found to be 13858.28±2179.87 ng/mL, 10745.31±1318.78 ng/mL, 

9350.89±1675.39 ng/mL and 8806.09±323.51 ng/mL for HPPH (Alone), HPPH 

(Combination), OLA(Alone) and OLA (Combination) respectively. All the other parameters 

like AUC, biological half-life (t1/2), rate of elimination (Ke) etc. were depicted and shown in 

table no 5.21. The data showed no significant difference in between the pharmacokinetic 

parameters of alone drugs (HPPH and OLA) with its combination administration of both HPPH 

and OLA(HPPH-OLA). Moreover, the pharmacokinetic results confirmed short plasma half-

life (t ½) i.e.,15.15±2.76 h and 5.74±3.35 h for HPPH and OLA respectively. The result also 

showed a high-rate of elimination in case of OLA. Further, the pharmacokinetic profile of 

HPPH-OLA suggested the combination of HPPH and OLA as no significant pharmacokinetic 

interaction was found after administration in animal (Table 5.21). 
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Table 5.21: In vivo pharmacokinetic parameter of HPPH, OLA and their combination (n=5, Mean ± SD) 

Parameter Unit OLA(A) HPPH(A) OLA(C) HPPH(C) 

C0 ng/mL 9350.89±1675.39 13858.28±2179.87 8806.09±323.51 10745.31±1318.78 

T max h 0.08±0.00 0.08±0.00 0.08±0 0.08±0.00 

AUC last h*ng/mL 5149.59±1050.38 72575.11±9169.30 5698.76±213.20 73964.45±466.24 

Vd_obs mL/kg 50778.67±33690.97 1049.30±236.37 46443.17±1494.14 1041.42±4.44 

Cl_ obs mL/h/kg 5781.59±1086.37 47.79±2.61 4847.79±133.72 46.08±0.20 

Ke 1/h 0.18±0.16 0.05±0.01 0.12±0.00 0.04±0.00 

T1/2 h 5.74±3.35 15.15±2.76 5.34±0.04 15.66±0.002 

A: Alone; C: Combination; 

Based on the in-vitro and in-vivo results, it was confirmed that both HPPH and OLA can 

provide therapeutical benefit against TNBC. Along with that, there were certain limitations i.e.; 

poor pharmacokinetic and pharmacodynamic associated with the HPPH and OLA. Therefore, 

we further planned to circumvent the observed problems and also to improve the site-specific 

accumulation of the HPPH and OLA using a surface modified targeted nano drug delivery 

systems, which were developed and biologically evaluated. 

5.7.Synthesis and characterization of targeted co-polymer and lipid molecules 

5.7.1. Synthesis and characterization of Biotin-PEG-PLGA 

The synthesis of Biotin-PEG-PLGA block copolymer was performed by activating the -COOH 

group of biotins using DCC and NHS and then covalent conjugation to the amine group of 

NH2-PEG-PLGA was carried out as shown in the Fig. 4.1. The Biotin-PEG-PLGA product was 

confirmed by 1H NMR (CDCl3, 400MHz) spectroscopy (Figure 5.16). The presence of sharp 

peak at 3.8 ppm corresponding to -CH2- groups of PEG. The presence of 5.2 ppm corresponds 

to the presence of -CH- of lactide group. The presence of 1.5 ppm peak corresponds to the -

CH3 of lactide group. The presence of 4.8 ppm corresponds to the -CH2- of glycolide group. 

The presence of peaks between 2-3 ppm corresponds to biotin group.   
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Figure 5.16: 1H NMR spectra of the Biotin-PEG-PLGA 

5.7.2. Synthesis of linoleic acid-ss-TPP 

The novel Linoleic acid-ss-TPP was synthesized using EDC/NHS coupling. The product was 

confirmed by Proton NMR and LC-MS/MS. The details related to NMR and Mass result shown 

below (Fig.5.17 and 5.18).  

 

 

Figure 5.17:  1H NMR of Linoleic acid-ss-TPP 
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 1H NMR (400 MHz, Chloroform-d) δ 7.89–7.70 (m, 15H), 6.72 (s, 2H), 5.78 (s, 2H), 3.68– 

3.49 (m, 4H), 3.33 (d, J = 6.1 Hz, 4H), 3.24–3.12 (m, 8H), 2.61–2.53 (m, 2H), 2.08 – 1.55 (m, 

11H), 1.43 – 0.77 (m, 12H). LCMS (+ESI): m/z calculated for C45H64N2O2PS2
+ 760.11 

found 761.55(M+H) 

 

Figure 5.18: Mass analysis of Linoleic acid-ss-TPP using LC-MS/MS 
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5.8.Fabrication, Optimsation and Characterization of HPPH-Loaded LPHNs  

5.8.1. Fabrication of HPPH loaded LPHNs 

The HPPH loaded LPHNs were fabricated using different excipients PEG-PLGA/Biotin PEG-

PLGA, DC89PC, and Linoleic acid via emulsification followed by solvent evaporation method. 

Here, PEG-PLGA is FDA approved amphiphilic co-polymer used in long term drug delivery 

application due to its slow diffusion and nontoxic in nature. Along with that PEG behaves like 

a capping agent and act as a shield for growing nanoparticle. Therefore, the particle can’t 

expand after certain extent. In addition, DC89PC is a phospholipid that contains a light 

triggering moiety in the structural backbone which could enhance the light activation of HPPH. 

Further, linoleic acid is an unsaturated fatty acid which can trigger ROS generation that could 

accelerate the Photodynamic activity of HPPH in biological systems. 

5.8.2. DOE based Optimization of LPHNs  

The optimization of LPHNs was conducted by QbD approach using DOE and response surface 

methodology (RSM). According to RSM strategy, the experimental runs were carried out to 

investigate the impact of independent variables (PVA concentration in %w/v and Amount of 

DC89PC in mg) on the dependent variable (%EE and Particle size) with the experimental 

conditions which is utilized for optimization of highly acceptable nanocarrier. Table 5.22 

depicted the data of the experimental trials 

.  

Table 5.22: CCD based experimental runs and their corresponded responses. 

Std Run Factor 1 (X1) Factor 2(X2) Response 2(Y2) Response 1(Y1) 

 PVA (%) DC89PC (mg) EE (%) Particle size(nm) 

1 7 1 3.5 15 345 

2 4 2 3.5 65 155 

3 6 1 4 11 320 

4 8 2 4 86 170 

5 5 1 3.75 23 340 

6 1 2 3.75 64 150 

7 3 1.5 3.5 52 215 

8 9 1.5 4 76 198 

9 10 1.5 3.75 50 205 

10 2 1.5 3.75 48 212 

 

To study the interaction between dependent variable with independent variable and understand 

the magnitude of the impact of critical factor, the analysis of variance (ANOVA) was   

performed. Further, the ANOVA based statistical data for dependent factor % EE is depicted 

in Table 5.23. A Linear model Eq. was obtained for %EE which is shown below 
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Equation 1 

Entrapment efficiency (Y1)= 49 +27.67X1 +6.83X2 

Where Y1 is the predicted %EE and X1 and X2 are the PVA concentration and amount of 

DC89PC, respectively.  The Table 5.23, indicates the obtained model was found to be highly 

significant with value   p < 0.05. The obtained coefficient of determination (R2) and adjusted 

R2 were 0.83 and 0.78, respectively which lies under acceptance criteria as the difference is 

very less. It is suggested that this predicted ANOVA can explain 95% variability in the 

response. Additionally, it can also explain the efficiency of the model to predict the response 

(%EE). 

Table 5.23: The analysis of variances for %EE as the response (Y1) 

Source Sum of 

Squares 

df Mean 

Square 

F-value p-value 
 

Model 4872.83 2 2436.42 17.17 0.0020 significant 

X1-PVA 4592.67 1 4592.67 32.37 0.0007 
 

X2-DC89PC 280.17 1 280.17 1.97 0.2027 
 

Residual 993.17 7 141.88 
   

Lack of Fit 991.17 6 165.19 82.60 0.0840 not significant 

Pure Error 2.00 1 2.00 
   

Cor Total 5866.00 9 
    

R² 0.8307 
     

Adjusted R² 0.7823 
     

 

In similar manner, the ANOVA results for response Y2 i.e.  particle size is displayed in Table 

5.24 and also provide a quadratic second-order polynomial which is displayed below. 

Particle Size (Y2) = 207.21 -88.33X1 -4.50X2 +10.00X1.X2 +39.07X12 +0.5714X22 

 
Table 5.24: The analysis of variances for particle size as the response (Y2) 

Source Sum of 

Squares 

df Mean 

Square 

F-value p-value 
 

Model 51020.60 5 10204.12 187.74 < 0.0001 significant 

X1-PVA 46816.67 1 46816.67 861.37 < 0.0001 
 

X2-DC89PC 121.50 1 121.50 2.24 0.2092 
 

X1*X2 400.00 1 400.00 7.36 0.0534 
 

X1² 3562.01 1 3562.01 65.54 0.0013 
 

X2² 0.7619 1 0.7619 0.0140 0.9115 
 

Residual 217.40 4 54.35 
   

Lack of Fit 192.90 3 64.30 2.62 0.4193 not significant 

Pure Error 24.50 1 24.50 
   

Cor Total 51238.00 9 
    

R² 0.9958 
     

Adjusted R² 0.9905 
     

 

Where Y2 is the predicted response of particle size and X1 and X2 are PVA concentration and 

amount of DC89PC respectively. The statistical result (ANOVA) suggested that the p-value of 

model is less than 0.05 and considered to be significant, whereas the lack fit of the model is 
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not significant (p > 0.05), which further strengthened the reliability of the models. The 

coefficient of determination (R2) and adjusted R2 were found to be 0.99 and 0.99, respectively. 

It indicates the high closeness between R2 and adjusted R2 which ensured that the efficiency 

and predictability of the model to estimate the particle size by the optimized method.  

 

 

Figure 5.19: QbD based design space; A) Desirability B) Particle Size C) Entrapment Efficiency D) Over 

lay Plot 

Further, the 2D response surface plot of both the response i.e., %EE and particle size of LPHNs 

is depicted in Figure 5.19. It was shown that %EE was enhanced by increasing both the 

independent variable i.e., amount of DC89PC and PVA concentration. Moreover, an increase 

in the amount of DC89PC enhanced the % EE which could be due to hydrophobic nature of 

HPPH and DC89PC and alternatively, HPPH penetrates more into nanocarrier system [41]. 

As shown in the Fig. 5.19(B), enhancement in the PVA concentration led to a decrease in 

particle size. On the other hand, increase in the amount of phospholipid (DC89PC) also showed 

decrease in the particle size of LPHNs. 

In order to validate the RSM model, the obtained experimental values of dependent variable 

i.e., particle size and %EE were compared with predicted response value from the design. The 

results are shown in the table 5.25. According to data, there is a rational relationship between 

the observed and predicted amounts for the %EE and particle size, which shows the suitability 
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of the optimization procedure in developing HPPH loaded LPHNs and adequacy of models 

which is depicted in Fig 5.19. A&D. 

Table 5.25: Predicted and experimental values of the responses obtained at optimum conditions 

Independent 

variable 

Optimized 

amount 

Dependent 

variable 

Predicted 

amount 

Observed 

amount 

Prediction 

error (%) 

X1 DC89PC       3.5mg Y1 PS 153 152 0.65 

X2 PVA       2% Y2 %EE 69 67.34 3.85 

 

5.8.3. Physicochemical characterization of HPPH loaded LPHNs  

The comparative analysis of physiochemical properties such as mean particle size, PDI and 

zeta potential of the optimized LPHNs are depicted in Table 5.26. HPPH-LPHNs showed an 

average particle size of about 152 nm with a PDI value of 0.217 and -0.2mV Zeta potential. 

Due to incorporation of Biotin-PEG-PLGA instead of non-surface engineered amphiphilic co-

polymer i.e., PEG-PLGA, the avg. particle was slightly increased to 156 nm with the PDI of 

0.208 which is non-significant.  

 

 

Figure 5.20: Physicochemical characterization of HPPH loaded LPHNs: (A) Particle size (B) Zeta Potential 

(C) TEM image of Biotin@HPPH-LPHNs (D) SEM image of Biotin@HPPH-LPHNs 
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Further, this Surface engineered polymer (Biotin-PEG-PLGA) has influenced the surface 

charge from -0.2 mV to 1.16 mV. The SEM and TEM analysis was carried out for 

morphological evaluation of LPHNs which was shown in the Figure 5.20. The data revealed 

that the developed LPHNs were spherical with uniform distribution. The %EE of HPPH in the 

LPHNs (HPPH-LPHNs) were found to be 67.34 ± 2.02%, whereas Biotin@HPPH-LPHNs was 

approx. 66.23±1.17% which indicated better encapsulation of HPPH in both the nanocarrier 

system that assures substantial cargo potential of the designed systems. 

Table 5.26: Physicochemical characterisation of  HPPH loaded Fresh LPHNs  

Formulation PS (nm)  PDI ZP (mV) EE (%) 

HPPH-LPHNs 152.6 ±8.1   0.217±0.1 -0.2±0.06 67.34±2.02 

Biotin@HPPH-LPHNs 156.3 ±13.2   0.208±0.56 1.16±0.30 66.23±1.17 

PS: Particle Size; PDI: Poly dispersity index ZP: Zeta Potential; EE: Entrapment Efficiency 

5.8.4.  Freeze drying of HPPH loaded LPNHs 

The freeze drying of HPPH loaded LPHNs were carried out using four different cryoprotectants 

including sucrose, mannitol, trehalose, and PEG-4000 for three different concentrations i.e. 

2.5%, 5% and 10% w/w. Afterward, these lyophilized LPHNs samples were subjected to 

particle size and PDI analysis and the obtained results were shown in table 5.27. 

Table 5. 27: Lyophilization screening for HPPH loaded LPHNs with different cryoprotectant 

Formulation Mean diameter (nm) PDI 

1. Lyophilized LPHNs with 2.5%  Mannitol 

HPPH-LPHNs 416.26±15.20 0.44±0.02 

Biotin@HPPH-LPHNs 357.63±7.53 0.38±0.01 

2. Lyophilized LPHNs with 5%  Mannitol 

HPPH-LPHNs              351.79±17.03 0.34±0.02 

Biotin@HPPH-LPHNs 342.85±5.50 0.38±0.01 

3. Lyophilized LPHNs with 10 % Mannitol 

HPPH-LPHNs 352.73 ±14.10 0.32±0.004 

Biotin@HPPH-LPHNs 285.63±24.04 0.35±0.02 

4. Lyophilized LPHNs with 2.5% Sucrose  

HPPH-LPHNs 320.22±17.25 0.37±0.02 

Biotin@HPPH-LPHNs 301.56±4.14 0.37±0.009 

5. Lyophilized LPHNs with 5% Sucrose 

HPPH-LPHNs 216.53±1.63 0.32±0.01 

Biotin@HPPH-LPHNs 269.16±15.63 0.34±0.008 

6. Lyophilized LPHNs with 10% Sucrose 

HPPH-LPHNs 226.83±8.45 0.32±0.01 

Biotin@HPPH-LPHNs 244.58±14.52 0.33±0.02 

7. Lyophilized LPHNs with 2.5 %Trehalose 

HPPH-LPHNs 167.81±1.82 0.23±0.002 

Biotin@HPPH-LPHNs 166.16 ±3.69 0.22±0.009 

8. Lyophilized LPHNs with 5 % Trehalose 

HPPH-LPHNs 150.63±4.76 0.21±0.007 

Biotin@HPPH-LPHNs 156.79 ±2.12 0.21±0.01 

9. Lyophilized LPHNs with 10 % Trehalose 

HPPH-LPHNs 143.16 ±4.04 0.20±0.01 

Biotin@HPPH-LPHNs 190.93±3.91 0.20±0.005 

10. Lyophilized LPHNs with 2.5 %PEG4000 

HPPH-LPHNs 199.37±8.16 0.33±0.05 

Biotin@HPPH-LPHNs 228.86±5.87 0.32±0.02 

11. Lyophilized LPHNs with 5 % PEG 4000 

HPPH-LPHNs 196.46±10.41 0.32±0.02 

Biotin@HPPH-LPHNs 181.22±11.53 0.31±0.01 

12. Lyophilized LPHNs with 10 % PEG 4000 
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HPPH-LPHNs  162.6±8.4 0.22±0.05 

Biotin@HPPH-LPHNs 163.5±11.78 0.21±0.60 

PS: Particle Size; PDI: Poly dispersity Index 

From the obtained data (table 5.27), 10% PEG 4000 w/w showed better physicochemical 

profile as compared to other groups. Subsequently, the physiochemical parameter (Particle size 

and PDI) of lyophilized LPHNs (LPHNs with 10% PEG 4000 w/w) were nearly unchanged 

compared to fresh LPHNs (Table 5.28). 

Table 5.28: Physicochemical characterisation of  Optimised HPPH loaded LPHNs (Lyophilised) 

Formulation PS (nm) PDI ZP (mV) EE (%) DL (%) 

HPPH-LPHNs 162.6 ±8.4 0.220±0.56 -0.1±0.01 58.52±7.19 8.20 ±0.61 

Biotin@HPPH-LPHNs 163.5 ±11.78 0.213±0.60 2.2 ±0.20 58.36±4.31 8.40 ±0.22 

PS: Particle Size; PDI: Poly dispersity Index ZP: Zeta Potential; EE: Entrapment Efficiency; DL: Drug Loading 

5.8.5. In vitro release study  

The release profile of HPPH encapsulated LPHNs and pure HPPH was performed using 

dialysis bag method. As shown in the figure 5.21, the release profile of pure HPPH described 

90% of drug released from the dialysis bag within the initial 12 hr. Whereas encapsulated 

HPPH-LPHNs followed a biphasic release pattern i.e., 20% CDR from both the LPHNs 

(HPPH-LPHNs and Biotin@HPPH-LPHNs) in first 4 h and remaining ~40% was released till 

72 hr. 
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Figure 5.21: In vitro release study of free HPPH, HPPH-LPHNs and Biotin@HPPH-LPHNs in pH 7.4 and 

pH 5.4 

5.8.6. Drug-excipient compatibility study 

As depicted in the figure 5.22, the DSC thermogram of free HPPH showed melting peak at 

205°C. In case of LPHNs, the melting point peak disappeared at 205°C which indicate 

encapsulation of HPPH in nanocarrier system. 

 

Figure 5.22: DSC thermogram of HPPH and its LPHNs (Blank LPHNs, HPPH-LPHNs and Biotin@HPPH-

LPHNs) 
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5.8.7. Measurement of singlet oxygen 

The singlet-oxygen-generating potential of HPPH and its LPHNs was detected using the 

Singlet Oxygen Sensor Green (SOSG) probe at excitation wavelength of 494 nm. Notably, the 

SOSG's fluorescence intensity from both LPHNs (HPPH-LPHNs and Biotin@HPPH-LPHNs) 

and pure HPPH exhibits an exposure time-dependent enhancement, indicating 

increased 1O2 generation (figure 5.23). The fluorescence intensity of HPPH was significantly 

reduced due to encapsulation of HPPH in nanocarrier, the 1O2 generation ability of both 

nanocarrier (HPPH-LPHNs and Biotin@HPPH-LPHNs) was ~60 % relative to that of pure 

HPPH. 

 

Figure5.23: SOSG analysis of HPPH and its LPHNs 

 

5.8.8. Storage stability Studies  

The   stability of lyophilized LPHNs were characterized with two different storage conditions 

i.e., 4 °C/65% RH and 25 °C/60% RH for 90 days. The results depicted that LPHNs were stable 

at both the conditions as no significant change was observed in avg. particle size and PDI in 

comparison to fresh nanocarrier (Figure 5.24). 

 



Results 

Page 118 of 210 

Figure 5.24: Storage stability study of HPPH loaded LPHNs; A) Particle size; B) PDI 

5.8.9. Cell culture studies 

5.8.9.1.Cytotoxicity 

The in vitro cytotoxicity was studied using MTT assay in 4T1 breast cancer cells with following 

treatment of free HPPH, HPPH-LPHNs, Biotin@HPPH-LPHNs and Blank-LPHNs. As shown 

in the Figure 5.25, it was found that the survival rate of 4T1 was significantly reduced with 

LPHNs in comparison to pure HPPH after 48 hr. incubation. Subsequently, IC50 values of 

Biotin@HPPH-LPHNs, HPPH-LPHNs and pure HPPH was 3.90µM, 8.80 µM and 10 µM 

respectively. Furthermore, the developed blank nanocarrier showed no cytotoxicity. 



Results 

Page 119 of 210 

Figure 5.25: invitro cytotoxicity Study of HPPH and its LPHNs (pure HPPH, HPPH-LPHNs, and 

Biotin@HPPH-LPHNs) 

5.8.9.2. Cellular Uptake analysis of HPPH and its LPHNs 

In order to understand the internalization capacity of biotin tagged LPHNs, the cellular uptake 

was performed by using confocal microscopy. The fluorescence intensity was observed for 4hr 

and 8hr. The Red color indicates presence of LPHNs and on the other hand, blue color specifies 

cell nucleus. As shown in the Figure 5.26, the fluorescence intensity of Biotin@HPPH-LPHNs 

was stronger than HPPH-LPHNs at both the time interval.   
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Figure 5.26: In vitro cellular uptake assay of HPPH loaded LPHNs (pure HPPH, HPPH-LPHNs, and 

Biotin@HPPH-LPHNs) 

5.8.9.3.Measurement of ROS generation 

The intracellular ROS generation was studied using a fluorescence probe, 2′,7′-

dichlorofluorescin diacetate (DCFH-DA). After the cells were treated with pure HPPH, HPPH-

LPHNs and Biotin@HPPH-LPHNs at the dose of IC50, all the groups were subjected to light 

irradiation with 650 nm at a light density of 200 mW cm−2 for 15min. Then, it was incubated 

for 24 hr. As shown in Figure 5.27, the intracellular ROS level of Biotin@HPPH-LPHNs was 

higher than that of HPPH-LPHNs and pure HPPH as it shows higher color intensity of DCFH-

DA.    
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Figure 5.27: In-vitro ROS Study of HPPH and its LPHNs (pure HPPH, HPPH-LPHNs, and Biotin@HPPH-

LPHNs) 

5.8.9.4.Apoptosis Assay of HPPH and its LPHNs 

The cell apoptosis of pure HPPH and its LPHNs was studied using an Annexin V-FITC 

apoptosis detection kit. Then after, all the treated group were irradiated with 650 nm.  As shown 

in Figure 5.28, the apoptosis of HPPH, HPPH-LPHNs were 4% and 8% respectively, while 

Biotin@HPPH-LPHNs exhibited 52% apoptosis which is higher than that of other groups. 
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Figure 5.28: Apoptosis analysis of HPPH and its LPHNs 

 

5.8.10. Hemolysis Study of HPPH and its LPHNs 

Hemolysis plays a crucial role in order to understand the toxicity and hypersensitivity profile 

of the nanocarrier. The study was conducted for developed LPHNs using RBCs to estimate the 

hemolytic potential of the nanoparticles. As shown in the Figure 5.29, the pure HPPH showed 

hemolytic index of less than 2% while LPHNs (HPPH-LPHNs and Biotin@HPPH-LPHNs) 

exhibited hemolytic activity less than 1.5%.  
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Figure 5.29: Hemolysis study of HPPH and its LPHNs 
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5.8.11. In vivo pharmacokinetic study  

For estimating in-vivo potential of HPPH encapsulated LPHNs, the i.v. pharmacokinetics study 

was carried out at 5mg/kg.bw in Balb/c mice and the plasma concentration-time profile were 

shown in Figure 5.30, and further, plasma concentration-plasma profile was subjected to non-

compartmental analysis using WinNonlin software 8.3 version (Certara, UK). 

 

 

Figure 5.30: In vivo pharmacokinetic study of HPPH and its LPHNs 

Further, the comparative result of HPPH and its LPHNs were depicted in table 5.29. The 

resultant LPHNs showed an improved pharmacokinetics of HPPH in terms of T1/2, AUC, 

Clearance etc. The area under curve (AUC) was found to be 116647.5±22067.11 h*ng/mL and 

123354.6±26533.07 h*ng/mL for HPPH-LPHNs and Biotin@HPPH-LPHNs respectively which 

was higher in comparison to pure HPPH i.e., 72575.11±9169.30 h*ng/mL. In addition, the 

plasma half-life (t1/2) also improved with LPHNs (HPPH-LPHNs and Biotin@HPPH-LPHNs) 

when compared to pure HPPH. Other pharmacokinetic parameters such as volume of 

distribution, Co, clearance etc. are shown in the Table no. 5.29. 

 

Table 5.29: In-vivo pharmacokinetic profile of HPPH loaded LPHNs (Dose:5mg/kg.bw; Mean±SD; n=3) 

Parameters Unit      Free HPPH Biotin@HPPH-LPHNs HPPH-LPHNs 

C0 ng/mL 13858.28±2179.87 13663.33±753.1788 13448.89±649.30 

T max h 0.08±0.00 0.08±0.00 0.08±0.00 

AUC last h*ng/mL 72575.11±9169.30 123354.6±26533.07 116647.5±22067.11 

AUC 0-∞ h*ng/mL 104818.41±5564.77 287203.8±108433.6 263302.4±87136.41 

Vd_obs mL/kg 1049.30±236.37 846.19±222.49 914.8294±197.19 
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Cl_ obs mL/h/kg 47.79±2.61 18.74±7.07 20.2308±5.62 

Ke 1/h 0.05±0.01 0.02±0.00 0.021889±0.00 

T1/2 h 15.15±2.76 32.01±3.86 31.82289±2.75 

 

5.8.12. In-vivo imaging and biodistribution study 

To understand the biodistribution of LPHNs (Biotin tagged and nontagged), DiI dye loaded 

LPHNs (DiI-LPHNs and Biotin@DiI-LPHNs) was formulated and subjected to both in-vivo 

and ex-vivo fluorescence imaging study in tumor bearing Balb/c mice. The significant tumor 

accumulation was shown with Biotin@DiI-LPHNs for a longer period of time against DiI-

LPHNs as shown in the figure no. 5.31. The tumor accumulation of both LPHNs was nearly 

similar till 1 h, but DiI-LPHNs could not be retained for more time. In contrast, Biotin@DiI-

LPHNs were retained in tumor area till 24 hr. Further, treated mice were sacrificed and their 

vital organs were collected, imaged, and shown in Figure 5.31 (C). The fluorescence images 

(ex vivo) revealed that mice treated with Biotin@DiI-LPHNs have very high tumoral 

accumulation than DiI-LPHNs i.e., Biotin@DiI-LPHNs showed 1.2-fold time higher than DiI-

LPHNs. Additionally, it was also observed that other than tumour area, both the Dye loaded 

nanocarrier showed higher accumulation in liver as it plays a vital role in metabolism. Further, 

accumulation of Biotin@DiI-LPHNs was observed lesser in vital organs like spleen, and 

kidneys compared to DiI-LPHNs as shown by low fluorescence intensity. 
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Figure 5.31: In vivo biodistribution study of HPPH loaded LPHNs (A) Time-dependent fluorescence images 

of tumor-bearing BALB/c mice after i.v. administration; (B) Graph representing the fluorescence 

intensity for the region of interest; (C) Ex vivo fluorescence images of major organs and tumor excised at 
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24 h post-injection; (D) Mean fluorescent intensity of fluorescence probe tagged formulations in tumors 

and organs. 

 

5.8.13. Safety study of HPPH loaded LPHNs  

The sub-acute toxicity study was carried out in the BALB/c mice as per OECD guidelines to 

evaluate of safety of LPHNs. The study was analyzed as a parameter of behavioral analysis, 

body weight observation and tissue necrosis of major vital organs of healthy female Balb/C 

mice upon repeated administration of HPPH and its nanocarrier. All the animal groups showed 

normal behavior and no significant change in body weight during the study period. As shown 

in the Figure no. 5.32, all the tissue of vital organs of treated group i.e., HPPH, HPPH- LPHNs 

(non-targeted) and Biotin@HPPH-LPHNs (Targeted) showed normal and similar construction 

as that of the control mice which indicates that there is no toxicity and ensures prepared LPHNs 

of HPPH were biocompatible to the biological system. 

 

 

Figure 5.32: Safety evaluation study of HPPH loaded LPHNs 

Additionally, biochemical analysis was performed for all the groups i.e., Control (saline), Pure 

HPPH, HPPH-LPHNs and Biotin@HPPH-LPHNs. The hematological and serological 

parameter was conducted and it was found that pure HPPH and its LPHNs exhibited normal 

range, which was similar with saline group, indicating absence of abnormal side effect (Table 

5.30).  
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Table 5.30: Biochemical analysis of HPPH and its LPHNs 

 

 

5.9.Development and characterization of OLA loaded LPHNs 

5.9.1. Physiochemical Characterization 

The LPHNs (lyophilized and non-lyophilized samples) were characterized with respect to 

particle size, PDI, zeta potential, % entrapment efficiency, % drug loading and morphological 

evaluation. The obtained results have been summarized in table 5.31 and depicted in Figure 

5.33. Both lyophilized and non-lyophilized samples showed the particles size less than 150 nm 

with narrow PDI (~ 0.21). The zeta potential for the OLA-LPHNs were found to be ~ 0.4 mV 

for both lyophilized and non-lyophilized samples, while for the St@OLA-LPHNs and 

St/Biotin@OLA-LPHNs sample this value were much higher, i.e., ~ 28 mV. The % entrapment 

efficiency was in the range of 56-67% with % drug loading value of ~9%. 

Parameter Unit Control HPPH HPPH-LPHNs Biotin@HPPH-LPHNs 

Hematology 

Hemoglobin (HB%) gm% 13.9 13.5 12.2 12.7 

 TLC /cumm 3000 3150 2220 3200 

Differential Leucocytes Count (DLC) 

Neutrophile % 30 31 28 26 

Lymphocytes % 65 58 55 56 

Eosinophils % 5 4 4 5 

Monocytes % 0 0 0 0 

Basophils % 0 0 0 0 

TRBC million/cumm 6.9 6.19 5.94 6.21 

APC Lacks/cumm 6.02 6.05 5.96 6.10 

PCV % 39 38 41 37 

MCV fL 51 50 49 52 

MCH Pg 18 16 14 15 

MCHC g/dL 34 30 32 36 

TEC cells/cumm 350 360 300 390 

Biochemistry 

Blood Urea mg% 8 10 10 12 

Serum Creatinine mg% 0.26 0.32 0.34 0.29 

Serum Cholesterol mg% 29 41 39 38 

L.F.T 

Triglycerides mg% 11 12 18 16 

AST/SGOT U/L 45 39 45 35 

ALT/SGPT U/L 36 43 37 41 

Serum Bilirubin 

Total mg% 0.5 0.53 0.60 0.56 

Direct mg% 0.31 0.31 0.35 0.31 

Indirect mg% 0.19 0.21 0.24 0.22 

Total Protein gm% 4.6 4.4 4.5 4.4 

Albumin gm% 2.8 3.0 2.6 2.8 

Globulin gm% 1.8 1.6 2.0 1.8 
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Table 5.31: Physicochemical characterization of the OLA loaded LPHNs (Fresh LPHNs; n=3, Mean± SD) 

Formulation 
Mean diameter 

(nm) 
PDI 

Zeta 

potential 

(mV) 

Encapsulation 

efficacy (%) 

OLA-LPHNs 121.6 ±10.2 0.0913±0.13 -0.3±0.02 65.32±2.08 

St@OLA-LPHNs 138.3 ±12.1 0.201±0.12 27.4±0.30 67.14±4.12  

St/Biotin@OLA-LPHNs 138.6 ±10.2 0.203±0.13 25.3±0.10 65.32±2.08  

PS: Particle Size; PDI: Poly dispersity index ZP: Zeta Potential; EE: Entrapment Efficiency  

 

Additionally, SEM image showed that OLA loaded nanoparticles were nano-metric in size with 

spherical shape which matches with result of DLS analysis (Figure 5.33). It could provide less 

aggregation with enhanced stability. 

 

Figure 5.33: Morphological Characterization of OLA loaded LPHNs (A) Sample of St/Biotin@OLA-

LPHNs; (B) Particle size of non-lyophilized samples, i.e., OLA-LPHNs (red), St@OLA-LPHNs(black), 

St/Biotin@OLA-LPHNs St/Biotin@OLA-LPHNs(blue); (C) SEM image of St/Biotin@OLA-LPHNs; (D) 

Zeta potential of OLA-LPHNs (red), St@OLA-LPHNs (black), St/Biotin@OLA-LPHNs (blue) 

 

5.9.2. Freeze drying of OLA loaded LPNHs 

The freeze drying of OLA loaded LPHNs were carried out using four different cryoprotectants 

including sucrose, mannitol, trehalose, and PEG-4000 for three different concentrations i.e. 

2.5%, 5% and 10% w/w. Afterward, these lyophilized LPHNs sample were subjected to 

physiochemical characterization with respect to PS and PDI analysis and the obtained 

lyophilization results were shown in table 5.32. 
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Table 5.32: Lyophilization screening for OLA loaded LPHNs with different cryoprotectant 

Formulation Mean diameter (nm) PDI 

1. Lyophilized LPHNs with 2.5% Mannitol 

OLA-LPHNs 380.63±16.34 0.431±0.02 

St@OLA-LPHNs 402.93±6.43 0.42±.01 

St/Biotin@OLA-LPHNs 360.97±2.41 0.419±0.01 

2. Lyophilized LPHNs with 5% Mannitol 

OLA-LPHNs 363.87±5.16 0.427±0.03 

St@OLA-LPHNs 339.80±4.06 0.34±.03 

St/Biotin@OLA-LPHNs 346.19±1.94 0.38±0.02 

3. Lyophilized LPHNs with 10 % Mannitol 

OLA-LPHNs 347.30±26.55 0.35±0.03 

St@OLA-LPHNs 349.40±8.92 0.36±.00 

St/Biotin@OLA-LPHNs 305.30±13.95 0.35±0.02 

4. Lyophilized LPHNs with 2.5% Sucrose  

OLA-LPHNs 212.50±16.02 0.33±0.04 

St@OLA-LPHNs 313.56±5.79 0.37±0.04 

St/Biotin@OLA-LPHNs 305.56±4.98 0.38±0.00 

5. Lyophilized LPHNs with 5% Sucrose 

OLA-LPHNs 212.50±16.02 0.33±0.04 

St@OLA-LPHNs 217.86±2.58 0.33±0.02 

St/Biotin@OLA-LPHNs 272.50±2.00 0.35±0.02 

6. Lyophilized LPHNs with 10% Sucrose 

OLA-LPHNs 206.83±7.21 0.33±0.04 

St@OLA-LPHNs 230.16±2.91 0.33±0.02 

St/Biotin@OLA-LPHNs 245.91±16.21 0.34±.04 

7. Lyophilized LPHNs with 2.5 %Trehalose 

OLA-LPHNs 180.17±17.97 0.22±0.01 

St@OLA-LPHNs 170.82±1.79 0.24±0.01 

St/Biotin@OLA-LPHNs 166.17±3.69 0.22±0.01 

8. Lyophilized LPHNs with 5 % Trehalose 

OLA-LPHNs 143.50±5.36 0.22±0.21 

St@OLA-LPHNs 148.63±1.59 0.21±0.01 

St/Biotin@OLA-LPHNs 156.80±2.12 0.22±0.01 

9. Lyophilized LPHNs with 10 % Trehalose 

OLA-LPHNs 135.37±1.20 0.21±0.00 

St@OLA-LPHNs 142.54±7.40 0.20±0.02 

St/Biotin@OLA-LPHNs 143.50±15.28 0.21±0.01 

10. Lyophilized LPHNs with 2.5 %PEG4000 

OLA-LPHNs 261.50±17.71 0.29±0.03 

St@OLA-LPHNs 272.71±5.05 0.33±.05 

St/Biotin@OLA-LPHNs 233.20±1.85 0.34±0.01 

11. Lyophilized LPHNs with 5 % PEG 4000 

OLA-LPHNs 258.17±13.38 0.29±0.03 

St@OLA-LPHNs 207.80±5.66 0.33±0.02 

St/Biotin@OLA-LPHNs 191.23±3.70 0.32±0.01 

12. Lyophilized LPHNs with 10 % PEG 4000 

OLA-LPHNs 156.83±17.53 0.29±0.03 

St@OLA-LPHNs 159.99±1.96 0.28±0.01 

St/Biotin@OLA-LPHNs 175.27±6.28 0.28±0.04 

PS: Particle Size; PDI: Poly dispersity Index; 

 From the obtained data (Table 5.32), 10% w/w trehalose showed better physicochemical 

profile as compared to other groups. Subsequently, the physiochemical parameter of 

lyophilized LPHNs with 10% w/w trehalose showed nearly similar result as compared to fresh 

LPHNs (Table 5.33). 

Table 5.33: Physicochemical characterisation of  Optimised OLA loaded LPHNs  

Formulation 
Mean diameter 

(nm) 
PDI 

Zeta 

potential 

(mV) 

Encapsulation 

efficacy (%) 

Drug loading 

(%) 

OLA-LPHNs 135.3 ±12.1 0.211±0.12 -0.4±0.01 56.14±8.12  8.9 ±0.10  

St@OLA-LPHNs 142.4 ±10.7 0.203±0.06 25.2±0.20 65.32±6.18  8.30 ±0.56  

St/Biotin@OLA-LPHNs 143.5 ±11.27 0.208±0.20 24.8±0.60 63.16±10.01  8.70 ±0.11  
PS: Particle Size; PDI: Poly dispersity index ZP: Zeta Potential; EE: Entrapment Efficiency; DL: Drug Loading 
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5.9.3. In vitro release study 

The release study was performed using dialysis bag method in two different pH conditions, 

that is 5.4 and 7.4. From the results, it has been revealed that for all the LPHNs samples, approx. 

40% drug release was observed within first 4 hr., while remaining 60% of release was 

completed in the duration of 48 hr. Whereas, in case of free drug, the complete release was 

attained within 2 hr. (Figure 5.34).  

 

 

Figure 5.34: In vitro release study of free OLA, OLA-LPHNs, St@OLA-LPHNs and Biotin/St@OLA-

LPHNs in pH 7.4 and pH 5.4. 

 

 

 

 

 



Results 

 

 

Page 131 of 210 

 

5.9.4. Physical state characterization  

5.9.4.1.Attenuated total reflection-IR (ATR-IR) 

The IR spectra of the pure drug, targeted cationic blank LPHNs (Blank-LPHNs), OLA-LPHNs, 

St@OLA-LPHNs and St/Biotin@OLA-LPHNs were illustrated in Figure 5.35(B). The major 

characteristic peak for pure drug was observed at 3186.12 cm−1 due to N ̶ H stretching, 

1631 cm−1 due to  ̶ C=O aromatic stretching and 1407 cm−1 due to  ̶ C ̶ H bending. While in 

case of nanoparticles, the peak intensity was found to be low compared to the pure drug. 
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Figure 5.35: Physical state characterization of OLA and its LPHNs; (A) DSC thermogram and (B) IR 

spectra of pure drug (OLA) and OLA loaded LPHNs (Targeted cationic Blank-LPHNs and OLA loaded 

LPHNs). 

 

5.9.4.2.Differential scanning calorimetry 

The thermogram of the pure drug, targeted cationic blank LPHNs (Blank-LPHNs), OLA-

LPHNs, St@OLA-LPHNs and St/Biotin@OLA-LPHNs were illustrated in Figure 5.35(A). 

The DSC thermogram of OLA unveiled a sharp melting peak at 210.63 °C., whereas the 

melting point peak of OLA in LPHNs completely disappeared.  

5.9.5. Stability studies of LPHNs 

The   stability of lyophilized samples was characterized for 3 months storage with two different 

storage conditions i.e., 4 °C/65% RH and 25 °C/60% RH. From their results, it was observed 

that the stability samples with both storage condition showed no significant changes in PDI 

and particle size compared to the fresh batch (Figure 5.36). 



Results 

 

 

Page 133 of 210 

 

 

 

Figure 5.36: Storage stability study of lyophilized OLA loaded LPHNs at two different conditions, i.e., 

4 °C/65% RH and 25 °C/60% RH (3 months duration) 

 

5.9.6. Cell culture studies of OLA loaded LPHNs 

5.9.6.1. Invitro cytotoxicity 

The in vitro cytotoxicity was studied using MTT assay in 4T1 breast cancer cells, following 

treatment of OLA, OLA-LPHNs, St@OLA-LPHNs, St/Biotin@OLA-LPHNs and blank 

nanoparticle. Based on the % cell viability data obtained after 48 hr. period, IC50 value was 

calculated and it was 7.3µM, 26.76 µM, 29.63 µM and 60µM for St/Biotin@OLA-LPHNs 

St@OLA-LPHNs, OLA-LPHNs, and OLA, respectively (Figure 5.37). 
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Figure 5.37 In vitro cytotoxic effect of different concentration of free drug (OLA), OLA-LPHNs, St@OLA-

LPHNs and St/Biotin@OLA-LPHNs; Control represents media control (green color), non-cationic blank 

LPHNs (violet color), non-targeted cationic blank LPHNs (blue color) and targeted cationic blank LPHNs 

5.9.6.2.Cellular uptake study 

The cellular uptake of LPHNs was performed in 4T1 cell line using a hydrophobic dye i.e., 

coumarin-6 which is commonly employed for uptake studies of nanoparticle. The fluorescence 

intensity of coumarin-6 loaded LPHNs (C6-LPHNs, St@C6-LPHNs and St/Biotin@C6-

LPHNs) estimated using confocal microscopy at 525 nm has been shown in the Figure 5.38. 

 

Figure 5.38: In vitro cellular uptake of the coumarin-6 loaded LPHNs (C6-LPHNs, St@C6-LPHNs and 

Biotin/St@C6-LPHNs) estimated using confocal microscopy at 525 nm 
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5.9.6.3.Apoptosis assay 

Apoptosis assay was performed in 4T1 cell line using flow cytometry. For the analysis, the 

graph was plotted between FITC-A (x-axis) and PI (y-axis); further, four distinct phenotypes 

were distinguished: viable (lower left quadrant, Q3), early apoptotic cells (lower right quadrant, 

Q4), late apoptotic and necrotic (upper right quadrant, Q2) and damaged cells (upper left 

quadrant, Q1) (Figure 5.39). The cell line was treated with OLA and their nanoparticles at the 

IC50 dose. The apoptotic cell death in OLA solution was 9% whereas resulting nanoparticles 

i.e., OLA-LPHNs, St@OLA-LPHNs and St/Biotin@OLA-LPHNs unveiled 13.83%, 20.7 % 

and 72.1% respectively at 48 h.  

 

Figure 5.39: Apoptotic assay study in 4T1 cells of OLA, OLA-LPHNs, St@OLA-LPHNs and 

St/Biotin@OLA-LPHNs 

5.9.7. Blood compatibility study (Hemolysis study) of OLA and its LPHNs 

Hemolysis of nanoparticle was performed using RBCs of mice. The pure OLA showed 

hemolytic index of approx. 1.5% whereas, the LPHNs (OLA-LPHNs, St@OLA-LPHNs and 

Biotin@OLA-LPHNs) exhibited hemolytic index below 1.5% as depicted in Figure 5.40.  
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Figure 5.40: Blood compatibility study of pure OLA, OLA-LPHNs, St@OLA-LPHNs and St/Biotin@OLA-

LPHNs using RBCs cells 

 

5.9.8. In vivo pharmacokinetic study 

The pharmacokinetics study was carried out in Balb/C mice. The pharmacokinetic samples 

were processed and analyzed using LC-MS/MS (Waters Corps., USA). The plasma 

concentration-time profile is shown in Figure 5.41. All the pharmacokinetic parameters were 

computed via WinNonlin software 8.3 version (Certara, UK) which was depicted in table 5.34.  

 

Figure 5.41: In vivo pharmacokinetic study of pure OLA, OLA-LPHNs, St@OLA-LPHNs and 

St/Biotin@OLA-LPHNs St/Biotin@OLA-LPHNs. 

The AUC0-∞ was found to be greater in St/Biotin@OLA-LPHNs (i.e., 14824.27±2094.51 

ng.h/ml) in comparison of free drug (5149.59±1050.38 ng.h/ml). The Elimination rate constant 
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(Ke) (0.03±0.007 h−1) of nanoparticles (St/Biotin@OLA-LPHNs) was significantly lower than 

that of free OLA (0.18±0.16 h−1). The biological half-life for the free drug was found to be 

5.74±3.35 h, whereas, for OLA-LPHNs, St@OLA-LPHNs and St/Biotin@OLA-LPHNs, these 

values were 12.85±4.08, 15.46±0.12, 17.50±1.42 h respectively. All other pharmacokinetic 

parameters have been shown in the table 5.34. 

Table 5.34: In-vivo pharmacokinetic study data of OLA (Dose: 30mg/kg.bw; n=5; Mean±SD) 

Parameter Unit 
 

OLA OLA-LPHNs St@OLA-LPHNs St/Biotin@OLA-LPHNs 

C0 ng/mL  
9350.89±1675.39 9622.18±569.10 9692.22±503.15 9890.05±295.20 

T max h  
0.08±0.00 0.08±0 0.08±0 0.08±0 

AUC last h*ng/mL  
5149.59±1050.38 13807.67±1165.80 13896.29±3652.49 14824.27±2094.51 

Vd_obs mL/kg  
50778.67±33690.97 39902.54±8581.44 33714.56±33951.40 32691.13±2953.98 

Cl_ obs mL/h/kg  
5781.59±1086.37 1754.72±236.09 1583.19±1511.485 1531.71±173.71 

Ke 1/h  
0.18±0.16 0.05±0.02 0.04±0.00 0.03±0.00 

T1/2 h  
5.74±3.35 12.85±4.08 15.46±0.12 17.50±1.42 

 

5.9.9. In-vivo imaging and biodistribution study 

The developed dye loaded LPHNs (DiI-LPHNs, St@DiI-LPHNs and St/Biotin@DiI-LPHNs) 

was subjected to both in-vivo and ex-vivo fluorescence imaging study in tumor bearing Balb/c 

mice. The significant tumor accumulation was shown with St/Biotin@DiI-LPHNs for a longer 

period of time against DiI-LPHNs as shown in the Figure 5.42. The tumor accumulation of 

both LPHNs were nearly similar at 1 h, but DiI-LPHNs and St@ DiI-LPHNs could not be 

retained for more time. In contrast, St/Biotin@DiI-LPHNs were retained in tumor area and the 

distribution was highest at 36 hr. Further, treated mice were sacrificed and their vital organs 

were collected, imaged, and shown in Figure 5.42. The images revealed that mice treated with 

St/Biotin@DiI-LPHNs have very high tumoral accumulation than DiI-LPHNs. Further, 

accumulation of St/Biotin@DiI-LPHNs was observed lesser in vital, organs like spleen, and 

kidneys compared to DiI-LPHNs as shown by low fluorescence intensity. 
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Figure5.42: In vivo biodistribution study of HPPH and OLA co-loaded LPHNs (A) Time-dependent 

fluorescence images of tumor-bearing BALB/c mice after i.v. administration; (B) Graph representing 

the fluorescence intensity for the region of interest; (C) Ex vivo fluorescence images of major organs and 

tumor excised at 36 h post-injection; (D) Mean fluorescent intensity of fluorescence probe tagged 

formulations in tumors and organs 

5.9.10. Safety study for OLA loaded LPHNs 

The evaluation of safety for the developed LPHNs were carried out by performing toxicological 

study in the Balb/c mice. Briefly, pure drug and LPHNs equivalent to the dose of 30 mg/kg 

body weight were administered intravenously as single dose to the mice at a frequency of 48 

hr. for the total duration of 21 days. The body weight of the treated mice was assessed for all 

the group (pure drug, OLA-LPHNs, St@ OLA-LPHNs and St/Biotin@ OLA-LPHNs) at initial 
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dosing and after completions of study and it was found that no change in body weight. Further, 

on completion of study, the animals were sacrificed and various organs collected and subjected 

for the histopathological studies (Figure 5.43). The H&E staining based histological data 

showed a similar type of profile for nanocarrier in comparison to saline control group. 

 

Figure 5.43: Safety evaluation studies of various organs (i.e., heart, kidney, liver, lungs, spleen) using H&E 

staining 

 

5.10. Fabrication and characterization of HPPH and OLA co-loaded LPHNs 

5.10.1 Preparation of HPPH and OLA co-loaded LPHNs  

In the recent past, nano-based drug delivery system for cancer management were extensively 

studied in order to enhance the site-specific accumulation of drug with reduced systemic 

toxicity. Furthermore, to improve the tumor uptake and increase the residence time of drug, 

LPHNs based nano carrier systems were majorly focused by the scientists. In this present study, 

we have developed a surface engineered LPHNs using biotin decorated PEG-PLGA and TPP 

tagged linoleic acid (Linoleic acid-ss-TPP). The LPHNs systems was fabricated using single 

emulsification method followed by solvent evaporation and further subjected to various 

characterization such as physicochemical evaluation, in vitro release, in vitro cell culture and 

in vivo studies.  

5.10.2 Physio-chemical characterization of HPPH and OLA co-loaded LPHNs  

The physicochemical characterization of LPHNs were evaluated by particle size, PDI, ZP 

and %EE  and morphological parameter. PS is the intrinsic property of nanoparticle that 
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influence the drug release pattern, stability and in vivo study of a nanocarrier. For target 

specific delivery, the particle size range 100-200nm is suitable particularly for delivery to 

tumor. As shown on the table 5.35., both the LPHNs (Biotin-ss-TPP@HPPH/OLA-LPHNs and 

Biotin@ HPPH/OLA-LPHNs) didn’t show any significant changes in particle size and PDI. 

Table 5.35: Physicochemical characterization of HPPH and OLA co-loaded LPHNs (Fresh LPHNs n=3; 

Mean± SD) 

Optimized Nanoparticles PS (nm) PDI ZP (mV) %EE 

Biotin@HPPH/OLA-LPHNs 140.1 ±3.2 0.201±0.5 27.1±0.2 35.1 ±5.1 %(HPPH) 

78.6±6.8 %(OLA) 

Biotin-ss-TPP@HPPH/OLA-LPHNs 141.3 ±5.1 0.203±0.1 26.3±0.3 34.1±6.8 % (HPPH) 

75.4±10.1 % (OLA) 

 

 The mean particle size of Biotin-ss-TPP@HPPH/OLA and Biotin@ HPPH/OLA-LPHNs was 

140.1±3.1nm and 141.3±5.1nm respectively. PDI and Zeta potential of nanoparticles displayed 

a narrow range and with good stability values that is, 0.201 ± 0.5 and 27.1 ± 0.2 mV for 

Biotin@HPPH/OLA LPHNs and 0.203 ± 0.1 and 26.3 ± 0.2 mV for Biotin-ss-

TPP@HPPH/OLA LPHNs respectively. FEI-SEM analysis was performed and shape was 

depicted as spherical with particle size in between 100 and 150 nm.  

 

 

Figure 5.44: Morphological characterization of HPPH and OLA co-loaded LPHNs (A) SEM of Biotin-ss-

TPP@HPPH/OLA-LPHNs (B) Particle size of Biotin-ss-TPP@HPPH/OLA-LPHNs (C) Zeta Potential of 

Biotin-ss-TPP@HPPH/OLA-LPHNs (D) Sample of Biotin-ss-TPP@HPPH/OLA-LPHNs 
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The entrapment efficiency of HPPH and OLA in the LPHNs was determined with a LC-

MS/MS. The %EE was found to be in the range of 32-36% for HPPH and 73-79% for OLA as 

depicted in table 5.35. 

5.10.3 Freeze drying of HPPH and OLA co-loaded LPNHs 

The freeze drying of HPPH loaded LPHNs were carried out using four different cryoprotectants 

including sucrose, mannitol, trehalose, and PEG-4000 for three different concentrations i.e. 

2.5%, 5% and 10% w/w. Further, these lyophilized LPHNs were subjected to physiochemical 

characterization with respect to PS and PDI analysis. The obtained freeze drying results were 

shown in table 5.36. 

Table 5.36: Lyophilization screening for HPPH and OLA co-loaded LPHNs with different cryoprotectant 

Formulation Mean diameter (nm) PDI 

1. Lyophilized LPHNs with 2.5% Mannitol 

Biotin@HPPH/OLA-LPHNs 408.63±13.34 0.461±0.06 

Biotin-ss-TPP@HPPH/OLA-LPHNs 406.93±6.43 0.41±.05 

2. Lyophilized LPHNs with 5% Mannitol 

Biotin@HPPH/OLA-LPHNs 383.7±5.1 0.429±0.03 

Biotin-ss-TPP@HPPH/OLA-LPHNs 379.80±7.6 0.36±0.03 

3. Lyophilized LPHNs with 10 % Mannitol 

Biotin@HPPH/OLA-LPHNs 338.30±17.25 0.39±0.02 

Biotin-ss-TPP@HPPH/OLA-LPHNs 349.40±8.92 0.37±.06 

4. Lyophilized LPHNs with 2.5% Sucrose  

Biotin@HPPH/OLA-LPHNs 262.50±11.02 0.32±0.04 

Biotin-ss-TPP@HPPH/OLA-LPHNs 253.56±5.9 0.37±0.04 

5. Lyophilized LPHNs with 5% Sucrose 

Biotin@HPPH/OLA-LPHNs 232.50±8.02 0.33±0.09 

Biotin-ss-TPP@HPPH/OLA-LPHNs 239.86±7.78 0.32±0.02 

6. Lyophilized LPHNs with 10% Sucrose 

Biotin@HPPH/OLA-LPHNs 203.3±7.18 0.32±0.08 

Biotin-ss-TPP@HPPH/OLA-LPHNs 210.36±8.92 0.31±0.09 

7. Lyophilized LPHNs with 2.5 %Trehalose 

Biotin@HPPH/OLA-LPHNs 189.32±12.97 0.25±0.07 

Biotin-ss-TPP@HPPH/OLA-LPHNs 195.82±1.92 0.27±0.03 

8. Lyophilized LPHNs with 5 % Trehalose 

Biotin@HPPH/OLA-LPHNs 155.50±5.32 0.23±0.21 

Biotin-ss-TPP@HPPH/OLA-LPHNs 159.63±7.5 0.21±0.09 

9. Lyophilized LPHNs with 10 % Trehalose 

Biotin@HPPH/OLA-LPHNs 145.3±13.20 0.208±0.50 

Biotin-ss-TPP@HPPH/OLA-LPHNs 143.6±8.1 0.218±0.01 

10. Lyophilized LPHNs with 2.5 %PEG4000 

Biotin@HPPH/OLA-LPHNs 264.50±7.81 0.31±0.03 

Biotin-ss-TPP@HPPH/OLA-LPHNs 272.71±5.05 0.32±.04 

11. Lyophilized LPHNs with 5 % PEG 4000 

Biotin@HPPH/OLA-LPHNs 244.17±13.38 0.28±0.03 

Biotin-ss-TPP@HPPH/OLA-LPHNs 217.80±5.3 0.30±0.02 

12. Lyophilized LPHNs with 10 % PEG 4000 

Biotin@HPPH/OLA-LPHNs 154.83±18.53 0.318±0.06 

Biotin-ss-TPP@HPPH/OLA-LPHNs 161.99±4.38 0.32±0.04 

PS: Particle Size; PDI: Polydispersity Index 

From the obtained data (Table 5.36), 10% w/w trehalose showed better particle size and PDI  

as compared to other groups. Subsequently, the lyophilized LPHNs with trehalose 10% showed 

the similar results with the fresh LPHNs. The values were depicted in the Table 5.37. 
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Table 5.37: Physicochemical characterisation of  HPPH and OLA coloaded LPHNs (Lyophilised) 
Optimized Nanoparticles PS (nm) PDI ZP (mV) %EE 

Biotin@HPPH/OLA-LPHNs 145.3 ±13.2 0.208±0.56 25.4±0.2 34.9 ±5.4 %(HPPH) 

77.8±6.2 %(OLA) 

Biotin-ss-TPP@HPPH/OLA-LPHNs 143.6 ±8.1 0.218±0.1 25.8±0.2 32.9±8.8 % (HPPH) 

73.4±10.1 % (OLA) 

PS: Particle Size; ZP: Zeta Potential; EE: Entrapment Efficiency; DL: Drug Loading 

5.10.4 In vitro release study of HPPH and OLA co-loaded LPHNs 

The release profile of the free drug and the two LPHNs was performed using dialysis bag 

method. It has been revealed that both types of nanoparticles showed a biphasic release profile 

as shown in Figure 5.45. This shows that the nanoparticle exhibited a burst release pattern 

followed by a controlled release pattern. 
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  Figure 5.45: In vitro release HPPH and OLA co-loaded LPHNs at pH 7.4 and pH 5.4 

 

 

5.10.5 Singlet Oxygen Sensor Green (SOSG) measurement of LPHNs 

The detection of singlet oxygen for nanoparticle was performed using SOSG fluorescence 

probe.  The different entities such as HPPH, OLA, Biotin@HPPH/OLA LPHNs and Biotin-

TPP@HPPH/OLA LPHNs were subjected the SOSG analysis at the concentration of 1µg/mL 

concentration of HPPH and OLA. The sample's singlet oxygen level was evaluated by the 

SOSG fluorescence enhancement compared with the background or control samples. The 

results, as seen in Figure 5.46, suggested that Biotin-ss-TPP@HPPH/OLA LPHNs and free 

HPPH showed a greater fluorescence intensity compared to above mentioned entities. 
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Figure 5.46: In vitro SOSG measurement of HPPH and OLA co-loaded LPHNs 

 

5.10.6 Storage stability study of HPPH and OLA co-loaded LPHNs 

In order to understand the physical storage of LPHNs, the lyophilized sample   was subjected 

to colloidal stability study at two different condition (4 and 25) for 90 days. The data showed 

no significant change in mean particle size and PDI. The value was found to be in the range of 

150 nm for size and 0.300 for PDI respectively (Figure 5.47). 

 



Results 

 

 

Page 145 of 210 

 

 

Figure 5.47: Storage stability study of HPPH and OLA co-loaded LPHNs 

 

5.10.7 Invitro Cell Culture Study of HPPH-OLA (Free drug) and its co-loaded LPHNs 

5.10.7.1 Evaluation of HPPH and OLA synergy and cytotoxicity study  

The synergistic effect of combining HPPH and OLA was studied in 4T1 cell line. The 

combination of these two drugs showed a greater cytotoxicity against either single drug alone. 

The combination index of HPPH and OLA is less than 0.9 which indicated a strong synergy 

between HPPH and OLA in 4T1 cell line at the molar ratio of 1:6. Further, it was found that 

Biotin-ss-TPP@HPPH-OLA-LPHNS showed an improved cytotoxicity compared to 

Biotin@HPPH-OLA-LPHNS and the free drugs. Figure 5.48 shows the results of a dose-

response effect and cytotoxicity study where (A) shows cytotoxicity of HPPH and OLA; (B) 

shows Combination index for HPPH and OLA solution; (C) shows Combination index for 

Biotin@HPPH/OLA LPHNS; and (D) shows Combination index for Biotin-ss-TPP@ 

HPPH/OLA LPHNS. The cell viability of Biotin-ss-TPP@HPPH-OLA-LPHNS was found to 

be 14.47%, wherein Biotin @HPPH-OLA-LPHNS and free HPPH and OLA showed 28.80% 

and 46.27% cell viability at the HPPH/OLA combination of 4µM /24µM respectively as shown 

in figure 5.48. Furthermore, Blank LPHNs did not show any significant change in the cell 

viability. 
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Figure 5.48: Dose-response effect and cytotoxicity study of HPPH and OLA co-loaded LPHNs;(A) 

cytotoxicity of HPPH and OLA (B)Combination index for HPPH and OLA solution (C) Combination index 

for Biotin@HPPH/OLA-LPHNs(D) Combination index for Biotin-ss-TPP@ HPPH/OLA-LPHNs 

 

 

5.10.7.2 Cellular and mitochondrial uptake analysis  

The uptake of LPHNs was studied using a hydrophobic dye i.e., coumarin-6 which is 

commonly employed for uptake studies of nanoparticles. Further, mitochondrial penetration of 

nanocarrier was also studied using Mito-Traker (Invitrogen). Remarkably, it was found that the 

intensity of fluorescence of the Biotin-ss-TPP@HPPH/OLA LPHNs were stronger than 

Biotin@HPPH-OLA LPHNs as shown in Figure 5.49. Likewise, Mito tracker fluorescence 

intensity was higher in Biotin-ss-TPP@HPPH/OLA LPHNs and this observation indicates 
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greater mitochondrial transfection of targeted formulation i.e., Biotin-ss-TPP@HPPH-OLA-

LPHNs compared to Biotin@HPPH/OLA-LPHNs. 

 

 

Figure 5.49: In vitro cellular and mitochondrial uptake analysis of HPPH and OLA co-loaded LPHNs 

(HPPH, OLA, HPPH-OLA, Biotin@HPPH/OLA-LPHNs and Biotin-ss-TPP@HPPH/OLA-LPHNs) 

5.10.7.3. Apoptosis Analysis  

Apoptosis assay was performed in 4T1 cell line using flow cytometry. The cell line was treated 

with combination of pure HPPH and OLA and their nano formulation at the IC50 dose. The 

pure solution of HPPH and OLA showed that the apoptotic cells were 16.15%. while cells 

treated with Biotin@HPPH/OLA-LPHNs and Biotin-ss-TPP@HPPH/OLA-LPHNs unveiled 

to be 19% and 37.74% respectively at 48 hr. (Figure 5.50) which indicates Biotin-ss-

TPP@HPPH/OLA-LPHNs has greater apoptosis response as compared to another group. 

 



Results 

 

 

Page 148 of 210 

 

 

Figure 5.50: Apoptosis Analysis of HPPH and OLA co-loaded LPHNs Apoptosis Analysis of HPPH and 

OLA co-loaded LPHNs (HPPH-OLA, Biotin@HPPH/OLA-LPHNs and Biotin-ss-TPP@HPPH/OLA-

LPHNs) 

5.10.7.4 Measurement of ROS generation  

The intracellular ROS generation was studied using a fluorescence probe, 2′,7′-

dichlorofluorescin diacetate (DCFH-DA). After the cells were treated with pure HPPH-OLA, 

Biotin@HPPH/OLA-LPHNs and Biotin-ss-TPP@HPPH/OLA-LPHNs at the dose of IC50, all 

the groups were subjected to light irradiation with 650 nm at a light density of 200 mW cm−2 

for 15min. Then, it was incubated for 24 hr. As shown in Figure 5.51, the intracellular ROS 

level of Biotin-ss-TPP@HPPH/OLA-LPHNs was higher than that of pure HPPH-OLA, 

Biotin@HPPH/OLA-LPHNs as it showed higher color intensity of DCFH-DA.    
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Figure 5.51: In-vitro ROS study of HPPH and OLA coloaded LPHNs (HPPH-OLA, Biotin@HPPH/OLA-

LPHNs and Biotin-ss-TPP@HPPH/OLA-LPHNs) 

 

5.10.8 Hemolysis study of HPPH-OLA (free) and its co-loaded LPHNs 

Hemolysis of nanoparticle was performed using RBCs of mice. All the group i.e., pure HPPH-

OLA and LPHNs (Biotin@HPPH/OLA-LPHNs and Biotin-ss-TPP@HPPH/OLA-LPHNs) 

exhibited hemolytic index below 2.0% as depicted in Figure 5.52.  

 

Figure 5.52: Hemolysis study of HPPH and OLA co-loaded LPHNs; Data represent mean ±SD. **** p value 

< 0.0001 and *** p value < 0.001 compared with the control group 
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5.10.9 In-vivo Pharmacokinetic study of HPPH-OLA(Free) and its co-loaded LPHNs 

The pharmacokinetic studies for combination of HPPH and OLA were performed in Balb/C 

mice at the dose of 5 mg/kg.bw and 30mg/kg.bw for HPPH and OLA respectively through i.v. 

route. The LC-MS/MS based analysis was done for pharmacokinetic sample to determine the 

plasma concentration and a graph between plasma concentration versus time profile was 

plotted as depicted in Fig.5.53.  

 

Figure 5.53: In vivo pharmacokinetic study of HPPH and OLA co-loaded LPHNs (HPPH-OLA, 

Biotin@HPPH/OLA-LPHNs and Biotin-ss-TPP@HPPH/OLA-LPHNs) 

 

The AUC of pure OLA, Biotin@HPPH/OLA-LPHNs (OLA) and Biotin-ss-

TPP@HPPH/OLA-LPHNs (OLA) were 5698.76±213.20 h*ng/mL,12334.88 ± 3776.79 

h*ng/mL and 14788.79±2094.51 h*ng/mL respectively. It was observed that both 

Biotin@HPPH/OLA-LPHNs and Biotin-ss-TPP@HPPH/OLA-LPHNs exhibited similar type 

of AUC value respectively which was 2-fold time higher than pure OLA when compared to in 

physical mixture solution of HPPH and OLA. Further, both LPHNs for OLA showed approx.2-

fold times better t1/2 profile compared to pure physical mixture (HPPH-OLA) indicating longer 

circulation time in biological system. The clearance (Cl) of LPHNs indicates ~6 fold-time 

decrease to pure drug solution. In the same way, at the dose 5mg/kg.bw of HPPH, the AUC of 

pure HPPH, Biotin@HPPH/OLA-LPHNs (HPPH) and Biotin-ss-TPP@HPPH/OLA-LPHNs 

(HPPH) were 72575.11±9169.30 h*ng/mL, 111783.4±10168.83 h*ng/mL and 

116194.31±22449.12 h*ng/mL respectively. All other pharmacokinetic parameter is shown in 

the table 5.38. 
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Table 5.38: In vivo pharmacokinetics studies of HPPH and OLA co-loaded LPHNs (HPPH-OLA, 

Biotin@HPPH/OLA-LPHNs and Biotin-ss-TPP@HPPH/OLA-LPHNs) 

Parameters Unit                                                    HPPH                                            OLA 

Free HPPH Non-Targeted Targeted Free OLA Targeted Non-Targeted 

C0 ng/mL 13858.28±2179.87 13340.76±296.98 13411.97±678.91 8806.09±323.51 9574.10±295.20 9735.30±703.69 

Tmax h 0.08±0.00 0.08±0.00 0.08±0.00 0.08±0 0.08±0.00 0.08±0.00 

AUC last h*ng/mL 72575.11±9169.30 111783.4±10168.83 116194.31±22449.12 5698.76±213.20 14788.79±2094.51 12334.88±3776.79 

Cl_obs mL/kg 47.79±2.61 23.15±0.847 20.04±5.462 4847.79±133.72 645.44±173.71 743.36±1051.27 

Ke 1/h 0.05±0.01 0.026±0.00 0.021±0.0012 0.12±0.00 0.043±0.003 0.044±0.00 

T1/2 h 15.15±2.76 26.36±4.129 32.53±1.915 5.34±0.04 15.87±1.42 15.41±0.12 

Non-targeted: Biotin@HPPH/OLA-LPHNs; Targeted: Biotin-ss-TPP@HPPH/OLA-LPHNs  

 

5.10.10 In-vivo imaging and biodistribution study of HPPH and OLA co-loaded LPHNs 

The developed dye loaded LPHNs (Biotin@DiI-LPHNs and Biotin-ss-TPP@DiI-LPHNs) 

were subjected to both in-vivo and ex-vivo fluorescence imaging study in tumor bearing Balb/c 

mice. The significant tumor accumulation was shown with Biotin-ss-TPP@DiI-LPHNs for a 

longer period of time against Biotin@DiI-LPHNs as shown in the Figure 5.54. It was observed 

that Biotin-ss-TPP@DiI-LPHNs showed 1.8-fold times higher accumulation in tumour site. 

Further, treated mice were sacrificed and their vital organs were collected and imaged. The 

images revealed that mice treated with Biotin-ss-TPP@DiI-LPHNs have very high tumoral 

accumulation than Biotin@DiI-LPHNs. Further, accumulation of Biotin-ss-TPP@DiI-LPHNs 

was observed lesser in vital organs like spleen, and kidneys compared to Biotin@DiI-LPHNs 

as shown by low fluorescence intensity. 
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Figure 5.54: Biodistribution study of HPPH and OLA co-loaded LPHNs; (A) Time-dependent fluorescence 

images of tumor-bearing BALB/c mice after i.v. administration; (B) Graph representing the fluorescence 

intensity for the region of interest; (C) Ex vivo fluorescence images of major organs and tumor excised at 

24 h post-injection; (D) Mean fluorescent intensity of fluorescence probe tagged formulations in tumors 

and organs. 

 

5.10.11 In vivo efficacy study of HPPH and OLA co-loaded LPHNs 

The in vivo efficacy was assessed in Luciferin tagged 4T1 tumor bearing animal using an in 

vivo imaging technique with the IVIS® Lumina III, PerkinElmer, USA. On days 3, 6, and 10 

of the treatment periods, all the animals in each group i.e., HPPH, OLA, Physical mixture of 

HPPH and OLA(HPPH/OLA), Biotin@HPPH/OLA-LPHNs and Biotin-ss-

TPP@HPPH/OLA-LPHNs, were examined for tumor growth, and images were shown in 

Figure 5.55 and Figure 5.56 corresponding to body weight, tumor volume, tunnel positive cell, 

luminescence and in vivo efficacy from Day 0 to Day 10. The body weight was checked at 

every alternative day and no significant changes were found. The Biotin-ss-TPP@HPPH/OLA-

LPHNs depicted greater tumor inhibition potential (Figure 5.55 (B)) when compared to other 

treated grouped. The animal treated with Biotin-ss-TPP@HPPH/OLA-LPHNs and 

Biotin@HPPH/OLA-LPHNs   showed diminished tumour growth, while other groups showed 

the tumor growth until the end of the study (Figure 5.56). 
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Figure 5.55: In-vivo efficacy study of HPPH and OLA co-loaded LPHNs 

 

On the 10th day, all the animal were sacrificed. The vital organs of all the group are collected 

and subjected to sectioning for further analysis i.e., H&E analysis, ROS and Tunnel assay. 
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Figure 5.56: Luminescence intensity of HPPH, OLA, HPPH-OLA, Biotin@HPPH/OLA-LPHNs and 

Biotin-ss-TPP@HPPH/OLA-LPHNs 

 

 

Further, in-vivo ROS was also studied using DCFH-DA fluorescence probe. As shown in 

Figure 5.57, It was found that Biotin-ss-TPP@HPPH-OLA-LPHNs nanoparticle showed 

greater intensity when compared to the other groups. This could be due to the penetration of 

nanoparticles into the mitochondria of tumour site. 
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Figure 5.57: In vivo ROS of HPPH and OLA co-loaded LPHNs; Data represent mean ±SD. **** p value < 

0.0001 and *** p value < 0.001 compared with the control group and ** p value < 0.05 compared with the 

control group 

 

Further, tumor and organ tissue sections were used for immunohistochemical analysis and 

tunnel assay. The tunnel assay as shown in Figure 5.58 suggested higher apoptotic response of 

Biotin-ss-TPP@HPPH/OLA-LPH nanoparticle as compared to other treated group which 

could possibly be contributing to its effectiveness against cancer cells.  
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Figure 5.58: Tunnel assay of HPPH and OLA co-loaded LPHNs; Data represent mean ±SD. **** p value 

< 0.0001 compared with the control group 

 

Also, histochemical analysis, as shown in Figure 5.59, performed for all the groups/entities 

using hematoxylin and eosin (H&E) dye, revealed no significant toxicity due to nanocarrier in 

vital organs of all the animal. 
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Figure 5.59: Histochemical analysis of HPPH and OLA co-loaded LPHNs (HPPH, OLA, HPPH-

OLA, Biotin@HPPH/OLA-LPHNs and Biotin-ss-TPP@HPPH/OLA-LPHNs) using HE staining
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6. Discussion 

TNBC is considered as a highly aggressive sub-type of breast cancer. Due to the lack of surface 

receptors such as ER, PR and HER2 protein, till date, the management of this disease is under 

clinical investigation [248]. Scientists’ interest in creating novel targets and therapeutic 

approaches for the treatment of TNBC has increased recently since the efficacy of traditional 

medication has been hampered by drug resistance, poor targeting, and  poor prognosis as well. 

[6,7]. Xie et. al., and Maksimenko et. al., reported that a mutation in BRCA gene eventually 

leads to TNBC due to a deficiency in homologous recombination (HR)-mediated DNA double-

strand breaks (DSBs) repair [249,250]. Besides, the PARP enzyme over activity is also 

associated with TNBC progression, as reported by Ossovskaya et. al.,[251] and Rose et. 

al[252]. Thus, inhibition of PARP enzyme can lead to accumulation of single-strand breaks, 

which progresses to double-strand breaks on DNA replication and subsequently on 

accumulation can lead to genomic instability and tumor cell death. In addition to PARP 

inhibition, PDT is one of the novel strategy which  also  showed a promising effectiveness 

against various solid tumor including breast cancer  that can eradicate the tumor cell  via ROS 

induced apoptosis cell death pathway as reported by Kong et al.,[253].  As PARP inhibitors 

lead to accumulation of unrepaired DSBs, combining this with DNA damage induce by PDT 

could lead to synergistic effect and might have a synergistic impact that overwhelms the ability 

of the cancer cell to repair and live. This strategy becomes more important in TNBC because 

of the frequent presence of defects in DNA repair mechanisms. Furthermore, using PDT in 

conjunction with PARP inhibitors may provide a way to overcome resistance to either 

monotherapy. 

Therefore, in this research work, we have used HPPH as Photosensitizer for PDT therapy to 

eradicate the tumor cell via ROS mediated pathway along with OLA, a selective PARP 

inhibitor which regulate the activity of PARP enzyme against the management of TNBC. We 

have also evaluated the possibility of therapeutic synergistic effect or additive effect of these 

two drugs in combination for TNBC treatment as PARPi (OLA) works to resolve the problem 

associated with PDT resistance. Inspite of the advantage of HPPH and OLA, these two 

molecules have serious limitations including low solubility, poor pharmacokinetics, limited 

cellular uptake into the target cells, and clinical side effects including DNA damage to the 

normal cell. Hence, to overcome the pharmacokinetic and pharmacodynamic issues along with 

adverse events associated with these different therapeutic approaches i.e., PDT and PARPi; a 
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tumor targeted nanocarrier system development will be a possible approach to enhance its 

efficacy and minimize its toxic effects., we have developed a lipid-polymer hybrid system 

which have been surface factionalized with biotin to impart better efficacy via increasing the 

site-specific accumulation of HPPH and OLA. Additionally, we have also developed HPPH 

and OLA co-loaded LPHNs which is decorated with 2-different class of chemical ligand (i.e., 

ROS inducing mitochondrial targeting ligand and Biotin receptor targeting) as multifunctional 

tumor targeted nanocarrier to improve the therapeutic efficacy along with minimizing toxicity 

if any exists in comparison with the pure drug in TNBC. 

6.1.Analytical and bioanalytical Method development and Validation of HPPH and OLA 

6.1.1. Analytical Method development and validation for HPPH and OLA 

The LC-MS/MS and RP-HPLC based analytical method were developed and validated for both 

HPPH and OLA. The calibration curve showed goodness of fit over the concentration range 

from 50-2000 ng/mL for HPPH and OLA. The run time of the RP-HPLC based validated 

method for both HPPH and OLA was 8 min which allows the method to be applied for analysis 

of large number of samples within minimal time and resource utilization. On the other hand, 

LC-MS/MS based simultaneous analytical method was found linear over concentration range 

of 1 to 200 ng/mL with the R2 value 0.998 and 0.993 for HPPH and OLA respectively. The 

validation parameter such as selectivity, precision, accuracy robustness and stability met the 

acceptance criteria as per the regulatory guidelines. All the validated method was selected to 

analyze the molecule without any excipient interference in the formulation and effectively be 

utilized for other applications including for analysis of drug entrapment efficiency, drug 

loading and drug release in nanocarriers based drug delivery system. Furthermore, developed 

LC-MS/MS based method was also utilized for bioanalysis of HPPH and OLA. 

6.1.2. Bioanalytical method development and validation for HPPH and OLA 

In the same way, simultaneous bioanalysis method for HPPH and OLA was developed and 

validated in pooled mice plasma using LC-MS/MS. The method was developed using 

acetonitrile-methanol-0.1% formic acid containing 5mM ammonium acetate with ratio of 

87:10:3 %v/v at flow rate of 0.35mL/min in isocratic mode as it provides symmetric peak shape 

and good intensity with a shorter run time of 6 min. Moreover, to achieve better recovery of 

drug from plasma, various sample extraction trial such as PPE, LLE and SPE were employed 

for   HPPH and OLA. LLE with diethyl ether was selected for sample processing as it showed 

better recovery, symmetric peak, and no interference of biomatrix (matrix effect). The 

developed method displayed high sensitivity and reliability over a linearity range of 1-
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320ng/mL Furthermore, stability study result met acceptance limit as per the ICH M10 

guidelines which indicates method was highly suitable for long term routine analysis. 

Therefore, this validated method could be utilized for in vivo pharmacokinetic study of HPPH 

and OLA (alone) and combination of HPPH and OLA in Balb/c mice. 

6.2.In-vitro and in-vivo efficacy of HPPH and OLA 

In the current in vitro study, we found both HPPH and OLA exhibited antitumor activity against 

4T1 cell line with IC50 value of ~10 and ~ 60 µM respectively. In addition, their combination 

(HPPH-OLA) presented the potent synergistic effect on viabilities with CI value of 0.9,0.86, 

0.54,0.43 and 0.38 at IC10(2/12µM), IC20(4/24µM), IC30(6/36µM), IC40(6/48µM) and IC50 

(10/60µM) respectively which was shown in figure 5.9. Moreover, the HPPH-OLA exhibited 

46.27% of cell viability at the combination dose of 4µM/24µM.  

On the basis of promising in-vitro results, we have explored the anti-tumor therapeutic potential 

of HPPH and OLA (alone) and its combination (HPPH-OLA) on 4T1 bearing tumor animal 

model. There are numerous animal models of TNBC developed by injecting MD-MB-231, 

MDA-MB-468 and 4T1 cell lines. However, to reproduce a pathological and genetically 

similar TNBC model to humans, 4T1 bearing animal model was chosen as this is an ideal 

metastasis model with the advantage of being able to be transplanted into immune competent 

recipients as reported by Kaur et al. [254].Therefore, we have developed a syngeneic mice 

model of TNBC using orthotopically injection of 2x106 4T1-luc cell lines on Balb/c mice. After 

treatment with HPPH and OLA, an increased in survival rate of animal was observed when 

compared with disease group. Furthermore, the tumor volume and body weight of all the 

treated animal were examined on every alternative day. It was observed that there were no 

significant changes in body weight, as shown in Figure 5.10. Furthermore, all the treated 

animals were sacrificed on the 10th day for H&E analysis, ROS analysis and Tunnel assay. 

H&E analysis revealed that vital organs (heart, liver, spleen, lung, kidney) of the treated animal 

mice showed no severe histological damage (Fig 5.14). As shown in the figure 5.10, OLA 

treated group showed rapid tumor growth as compared to other treatment group. Similar to our 

study, Hu et al. also found that OLA showed less anti-tumor effects when used alone and 

demonstrated that this was observed   due to less significant cytotoxicity and inability to 

generate a strong immune response via ROS pathway[255]. However, HPPH treated group 

produced ROS to damage tumor cells but it was not a significant response as accumulation of 

HPPH in tumor cell was less. In addition to our findings, Ren-Jiang Kong et al. reported similar 

result with same class of photosensitizer (chlorin e6). This may be   due to the repair mechanism 

https://pubs.rsc.org/en/results?searchtext=Author%3ARen-Jiang%20Kong
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of tumor cells, the efficacy of PDT alone is limited[253]. After treatment with combination of 

HPPH with OLA, the tumor suppression rate was significantly increased when compared to 

the HPPH group. In addition to tumor suppression data, in-vivo ROS study and Tunnel assay 

showed that apoptosis was increased with combination of HPPH and OLA significantly as 

compared with disease control group and treatment with HPPH and OLA-alone. This 

observation stated that combination of HPPH and OLA offers a promising synergistic efficacy 

against TNBC by reducing DNA damage repair via downregulation of PARP enzyme action 

which could enhance the efficiency of PDT against the TNBC.  

6.3.In-vivo pharmacokinetics study of free HPPH and OLA 

The pharmacokinetic studies for HPPH and OLA and its combination (HPPH-OLA) were 

carried out in Balb/c mice and a plasma concentration versus time profile was plotted as 

represented in Fig.5.15. The result showed a shorter biological half-life of OLA i.e., 5.7 hr. and 

also indicates high rate of elimination, while half-life of HPPH was found to be 15hr. 

Furthermore, it was evident that OLA has a very less AUC as shown in Table.5.15. Thus, there 

is a need of improvement in pharmacokinetic profile for betterment of TNBC treatment. 

Moreover, the pharmacokinetic data of HPPH-OLA suggested the combination (HPPH and 

OLA) did not find any significant pharmacokinetic interaction after administration in animals 

which could be in the favor of development of combination delivery for the treatment of TNBC. 

Based on the in-vitro and in-vivo results, we further planned to circumvent the observed 

problems i.e., poor pharmacokinetic, poor pharmacodynamic and lack of tumor targeting 

specificity of HPPH and OLA using surface engineered targeted nano drug delivery systems 

that were developed and biologically evaluated. 

6.4.Development and characterization of HPPH loaded LPHNs 

HPPH is a second generation chlorin based photosensitizer which have limitations of poor 

aqueous solubility, poor stability, photo bleaching etc. A report by Yang et al. stated that 

surface decoration with biotin can improve the tumor targetability of a nanoparticle[256]. In 

addition to this, Taymouri et al. developed biotin decorated sunitinib NLC for the management 

of lung cancer. They found that biotin-NLC (targeted) showed efficient cytotoxicity as 

compared to sunitinib loaded NLC (non-targeted)[257]. Therefore, we used biotin for surface 

functionalization of LPHNs to reduce the limitations associated with HPPH by improving the 

site specific targetability capacity against TNBC. 

For the fabrication of LPHNs, a single step emulsification method followed by evaporation 

was adopted. The preliminary trials of LPHNs showed no major changes with respect to 
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physiochemical parameter such as PS, PDI, ZP and %EE while using Biotin-PEG-PLGA, 

instead of polymer (PEG-PLGA). Therefore, amount of HPPH and Polymer (PEG-

PLGA/Biotin-PEG-PLGA) were kept constant during the optimization of the formulation. On 

the other hand, PVA concentration and amount of phospholipid (DC89PC) were screened for 

the LPHNs. The optimization was performed by CCD method using DOE software (version 

7.3, USA). Furthermore, the obtained model was validated at 2 independent variable 

combination and further, %RSE was within the ± 5.00 which described the acceptability of the 

model. 

The optimized LPHNs i.e., HPPH-LPHNs and Biotin@HPPH-LPHNs showed the particle size 

in a range of 150-157 nm. As shown in the table no. 5.26 & 5.28, the %EE was found to be in 

a range of 60-65% for LPHNs. It was observed that particle size of Biotin@HPPH-LPHNs was 

slightly higher than HPPH-LPHNs that was not statistically significant.  Similar findings were 

also reported by Mehdizadeh et al., they demonstrated that it might be due to the presence of 

biotin in PEG-PLGA in surface of nanocarriers[239]. Further, it could not hamper the crucial 

properties of the nanocarrier as it is within the 200nm.This evidence can promote passive 

targeting of drug at tumour site via EPR effect [258]. The results also depicted that 

Biotin@HPPH-LPHNs has greater DL% capacity in comparison with HPPH-LPHNs (Table-

5.26). Notably, the Biotin@HPPH-LPHNs showed   1.16±0.3mV as surface charge which is 

higher in comparison to HPPH-LPHNs that may attribute enhanced stability and cellular uptake 

(Table 5.26). This result is in line with previous findings indicated by Hanurry et al and 

Mehdizadeh et al. They reported that the nanoparticle offers improved stability and cellular 

uptake due to enhancement of surface charge  as it  can deliver sufficient charge for electrostatic 

repulsion among nanoparticles and avoid the agglomeration of particles which promotes 

reduction in particle size and uniform narrow size distribution[239,259]. Thus, our 

Biotin@HPPH-LPHNs may eventually provide better stability and enhanced cellular uptake. 

The morphological evaluation of LPHNs was performed using SEM and TEM. The result 

displayed the spherical geometry with no significant aggregation of particle for both the 

LPHNs. To improve the storage stability, further a lyophilization screening was studied. 

Different cryoprotectant such as mannitol, trehalose, sucrose, and PEG 4000 at three 

concentrations i.e., 2.5, 5, and 10 %w/w was examined for both the LPHNs. After freeze 

drying, the powder LPHNs were redispersed in deionized water, and the physiochemical 

parameters viz. size, PDI, and surface charge, entrapment and %DL values were measured. 

The result suggested 10% PEG4000 offers suitable cryoprotection as these values remained 
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most unaffected when compared to fresh LPHNs. However, other cryoprotectant treated 

LPHNs sample showed increase in the size and PDI in comparison to fresh LPHNs (Table 5.26, 

5.27, and 5.28). Thus, 10 %w/w PEG4000 was selected for the further evaluation. 

The release behavior of HPPH encapsulated LPHNs (Biotin@HPPH-LPHNs and HPPH-

LPHNs) depicted biphasic release pattern i.e., initially, it showed burst release for 4hr followed 

by sustained release till 72hr.The result are in line with previous research conducted by Salatin 

et al. According to them, initial burst release of drug from nanoparticle might be due to 

absorption of drug on the surface of the nanoparticles and  followed by a sustain release 

resulting from the encapsulation of the drug in the core of the nanoparticles[260]. In addition, 

the release rate of HPPH from both LPHNs in pH7.4 was observed to be lower than pH5.4. 

Similar to our study, Zolnik et al. also found the same release pattern in their study and they 

demonstrated that PLGA degrades quickly in acidic pH when compared to physiological pH 

due to breakdown of PLGA by ester hydrolysis [261]. 

Furthermore, in order to understand the physical state behavior, DSC thermograph was used 

for the developed LPHNs and pure HPPH. The DSC thermogram of HPPH showed a melting 

peak at 205.63 °C while no melting point peak was observed in case of lyophilized LPHNs; 

therefore, the result suggested that HPPH is completely encapsulated in the nanocarrier system. 

Moreover, a storage stability of lyophilized LPHNs was also performed for 90 days. The results 

revealed no significant changes in physicochemical parameter and the drug content of stability 

sample did not show any degradation during storage condition i.e., the value of drug content is 

similar to the fresh LPHNs. So, developed LPHNs could be utilized for various pre-clinical 

and clinical evaluation. The SOSG study was also carried out for pure HPPH and its LPHNs to 

predict the ROS generation capacity. The result showed that the pure HPPH has higher 

fluorescence intensity compared to its LPHNs. Rong et al conducted a similar study and found 

that free drug showed more singlet oxygen(1O2) generation capacity, which is one of the crucial 

properties to facilitate PDT activity, as compared to its nanoparticle. They suggested although 

free HPPH showed high 1O2 but PDT activity  also depends on intratumoral delivery and 

cellular uptake a [262]. Thus, the decrease in fluorescence intensity and 1O2 generation in 

LPHNs could be remunerated. The in-vitro hemolysis study shows the safe nature of 

Biotin@HPPH-LPHNs on RBCs as they have low hemolytic index i.e., below 1.5 % over all 

the concentrations in comparison to the HPPH-LPHNs and pure HPPH (fig. 5.29). Similar to 

our study , Wang et al., reported that hemolytic activity below 2% does not produce any 
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significant side effect to RBCs[263]. This evidence indicates that our developed LPHNs could 

be biocompatible and safe for further use in animal model. 

Furthermore, cytotoxicity results depicted that Biotin@HPPH-LPHNs showed a significant 

cellular death than HPPH-LPHNs and pure HPPH i.e., the value was approx. 1.2-fold times 

higher than from HPPH-LPHNs and 3-fold times higher than pure HPPH respectively. This 

extensive improvement in cytotoxicity effect can be explained because of the presence of 

biotin. Abolmaali et al. developed a biotin-PEG conjugated nanogels of carboxymethyl 

polyethyleneimine for active delivery of anticancer drug against TNBC. Their result showed 

increased therapeutic efficacy due to  active targeting of biotin receptors overexpressed in triple 

negative 4 T1 breast tumors[264]. Therefore, the evidence suggests that presence of biotin 

shows improved cytotoxicity of HPPH in the cells treated with Biotin@HPPH-LPHNs. 

Further, internalization of Biotin@HPPH-LPHNs by 4T1 cells was higher in comparison to 

HPPH-LPHNs and pure HPPH as it shows the enhanced fluorescence intensity which 

confirmed the improved distribution of Biotin@HPPH-LPHNs in cytoplasm of cells. 

Consequently, Blank-LPHNs exhibited no cytotoxicity which indicate that the nanocarrier is 

safe to encapsulate the HPPH. The in-vitro ROS generation study suggested enhanced 

fluorescence intensity of Biotin@HPPH-LPHNs compared to HPPH-LPHNs and pure HPPH. 

However, singlet oxygen generation was found to be more in case of pure HPPH. But, the 

possible reason  could be higher cellular uptake  due to presence of PEG-Biotin, disulfide bond 

and linoleic acid in nanocarrier system promotes the production of ROS as a similar 

observation was demonstrated previously by Wang et al. and Hatanaka et al. respectively 

[265,266].The apoptotic ratio of Biotin@HPPH-LPHNs was also found to be  13-folds  greater 

compared to pure HPPH. This suggested that the Biotin@HPPH-LPHNs could remarkably 

enhance the antitumor effects of the nanoparticles. Thus, combining all the cell culture result, 

Biotin@HPPH-LPHNs could effectively increase the invitro antitumor activity against the 

management of TNBC. Moreover, the in-vivo pharmacokinetics study was carried out in 

Balb/c at dose of 5mg/kg.bw via i.v. route of administration. The AUC of Biotin@HPPH-

LPHNs for 24 hr. was 123354.6±26533.07 hr*ng/mL which is 1.1-fold times higher than 

HPPH-LPHNs and 2-fold times greater than pure HPPH. It clearly indicates that the area of 

exposure of HPPH improved significantly with Biotin@HPPH-LPHNs. The plasma half-life 

of Biotin@HPPH-LPHNs was observed to be increased 2 times as compared to pure HPPH. 

The volume of distribution for Biotin@HPPH-LPHNs was showing narrow distribution which 

is significantly 1.2 times higher than pure HPPH and HPPH-LPHNs, demonstrating the 
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Biotin@HPPH-LPHNs may show higher exposure of HPPH at tumor tissue. The clearance of 

Biotin@HPPH-LPHNs was reduced to 2.6 times in comparison with pure HPPH that indicates 

longer circulation time in biological system. The in-vivo-biodistribution result showed 

Biotin@DiI-LPHNs has a 1.1-folds higher DiI-LPHNs accumulation in comparison with 

HPPH-LPHNs (Fig.5.31). This evidence related to improve in accumulation of nanocarrier 

(Biotin@DiI-LPHNs) is also lining to our pharmacokinetic study (narrow volume of 

distribution).  HE staining data of LPHNs showed no toxicity when compared to control group. 

The above  results demonstrate the magnificent tumor targeting capability of Biotin@HPPH-

LPHNs against TNBC. Our finding suggests the administration of HPPH in LPHNs with biotin 

surface modification could be a promising strategy in the treatment of TNBC.  

6.5. Fabrication and evaluation of OLA loaded LPHNs 

Designing of   effective therapeutics  for the  treatment of TNBC  has always been challenging 

due to the lack of expression of  the molecular markers(ER,PR and  Her 2)  [267]. Recent 

studies suggested that OLA, a selective PARPi, is a promising drug in improving the 

therapeutic outcomes in TNBC patients. However, OLA has also associated with few  

limitations including poor pharmacokinetic , poor pharmacodynamic  and undesired toxicity 

hinder its therapeutic effectiveness [268,269]. Thus, a well-designed delivery system is 

required for OLA to address the above-mentioned issues which can provide better management 

of TNBC. In the recent past, hybrid lipopolymeric nano delivery systems have attracted the 

attention towards the targeted delivery of anticancer drugs for the management of TNBC as it 

provides various distinct advantages and scope of customization in nanocarrier systems 

[270].Therefore, in this work, we have fabricated lipo-polymeric hybrid nano-based delivery 

system for  the OLA against TNBC. Furthermore, the report by Yang et al. stated that surface 

modification with biotin can improve the site specific accumulation of drug in  tumor cell[256]. 

In addition to this, Taymouri et al. developed biotin decorated sunitinib NLC for the 

management of lung cancer. They found that biotin-NLC (targeted) showed efficient 

cytotoxicity as compared to sunitinib loaded NLC (non-targeted)[257]. Further, Talat et al. 

reported a lipidic nanocarrier system for fisetin for breast cancer management using 

stearylamine. They found that presence of stearylamine in lipidic nanoparticle  has enhanced 

the cellular uptake of drug in breast cancer tissue[271]. Therefore, to provide active targeting 

and achieving better cellular uptake and apoptosis, we have accomplished surface 

functionalization to our developed LPHNs with biotin and stearylamine to reduce the 
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limitations associated with OLA by improving the pharmacokinetics and reducing the off-

target side effect for the better management of TNBC.  

Firstly, the LPHNs based nanocarrier for OLA was prepared using single emulsification 

method followed by solvent evaporation. The developed LPHNs were subjected to 

physiochemical characterization for PS, PDI, ZP, %EE and %DL. Further, freeze drying of 

LPHNs was carried out with different cryoprotectants (mannitol, sucrose, PEG4000 and 

trehalose). The result showed 10% (w/w) Trehalose has better profile as compared to other 

groups (Table 5.32) and was subsequently used to improve the storage stability of LPHNs. 

Both lyophilized and non-lyophilized LPHNs samples showed the particles size less than 150 

nm with narrow PDI (~ 0.21) that were mentioned in Table 5.31, and 5.33. Further, the SEM 

analysis, indicates the spherical shape of the nanoparticles. Dolai et. al reported that particles 

size less than 150 nm with spherical shape  provides excellent candidate for the enhanced 

permeability and retention effect [272]. Similarly, Donahue et. al also reported that optimum 

particle size facilitates the enhanced cellular uptake [272,273]. Besides, narrow range PDI with 

positive zeta potential can provide an improved uptake and stability in biological environment 

to the nanocarrier, as reported by Jeon and Foroozandeh et. al [274,275]. Moreover, the 

spherical shape provides the advantage of less aggregation with enhanced stability [276].Thus, 

our resultant LPHNs(OLA-LPHNs, St@OLA-LPHNs and St/Biotin@OLA-LPHNs) may 

deliver better stability and enhanced cellular uptake. Furthermore, the entrapment efficiency 

and drug loading for nanoparticles (OLA-LPHNs, St@OLA-LPHNs and St/Biotin@OLA-

LPHNs) was estimated using RP-HPLC. It was found that %EE and %DL of all the LPHNs 

(OLA-LPHNs, St@OLA-LPHNs and St/Biotin@OLA-LPHNs) were in the range of 56-68 % 

and below 9.2 % respectively (Table 5.31 & Table 5.33). In order to study the physical state of 

the OLA in LPHNs studies such as DSC were performed. We found a characteristic melting 

point peak at 210 °C in case of free OLA, whereas developed LPHNs don’t show any melting 

point peak at 210 °C. According to report by Herdiana et. al, the crystallinity of drug 

incorporated in the NPs can affect the in vitro and in vivo release patterns and  solubility  of 

drug as well [277]. Also, in a study conducted by Amjadi et. al. the DSC result suggested that 

the absence of  melting point peak of drug   in nanoparticle  is because  of  alteration in the 

drug crystallinity either in form of amorphous or disordered crystalline phase [278]. Thus, the 

evidence suggest that OLA is completely encapsulated in LPHNs system.   The storage stability 

for OLA loaded LPHNs was studied and result showed the developed nanocarriers could 

provide stable environment to the drug and do not show any leaching effect till 90 days 
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(Figure.5.36). The release study of OLA loaded LPHNs was conducted to understand the 

integrity and stability of nanocarrier in normal physiological condition (pH7.4) and in tumor 

microenvironment as well. It was shown that all the LPHNs (OLA-LPHNs, St@OLA-LPHNs 

and St/Biotin@OLA-LPHNs) followed the biphasic release profile; i.e.  approx. 40% drug 

release from all the LPHNs within 4 h and remaining 60% was completely released in the 

duration of 48 h whereas in the case of pure OLA, the complete release was observed withing 

2 hr. (Figure 5.34). The fraction of initial burst release of OLA from nanocarrier may probably 

related to presences of lipidic environment stearylamine and phospholipid (SPC 100) in 

nanocarrier system. This burst release can act as a loading dose which is supportive for 

inhibition of tumor growth within the first hours of administration. Further, it followed a 

controlled type release pattern which might be due to high hydrophobicity nature of OLA and 

PLGA that prevented the diffusion of OLA from nanocarrier into aqueous medium. Similar 

findings as reported by Mandal et. al., are in line with our result[279]. Further, release study of 

OLA loaded LPHNs showed faster release of drug in acidic pH in comparison to physiological 

pH which can be an advantageous feature for better penetration of OLA in the tumor acidic 

environment. On the other hand, the slow release of OLA at physiological pH compared to the 

acidic condition ensures the NP stability in blood during its way to the tumor sites. Thus, it can 

be that prepared LPHNs (OLA-LPHNs, St@OLA-LPHNs and St/Biotin@OLA-LPHNs) are 

capable of acting as sustained type delivery approach at the tumor site. 

Furthermore, in-vitro cytotoxicity results suggested that survival rate of 4T1 cells were 

significantly reduced in case of St/Biotin@OLA-LPHNs compared to pure OLA and non-

targeted nanocarrier (St@OLA-LPHNs and OLA-LPHNs) after 48 h incubation. On the other 

hand, the developed blank LPHNs (without drug) showed no cytotoxicity and it could be 

assumed that the excipients used for the nanoparticle are safe and non-toxic. Further, in order 

to understand the internalization of OLA loaded LPHNs, coumarin 6 (C6) loaded LPHNs was 

prepared which demonstrated the distribution of LPHNs in cytoplasm of cells. It was observed 

that St/Biotin@OLA-LPHNs showed high color intensity when compared to all other OLA 

loaded LPHNs OLA-LPHNs and St@OLA-LPHNs). Our results are in line with the study 

reported by Vassoudevane et. al. They stated that stearylamine confer the positive charge to 

the nanoparticles, which facilitates the enhanced cellular uptake as cell membrane is negatively 

charged which has a tendency to interact with the positively charged moiety.[280]. Similar 

results for enhanced cytotoxicity and improved cellular uptake in cancer cells due to surface 

modification of anti-cancer drug (Hydroxycamptothecin) loaded nanoparticle with biotin was 
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also demonstrated by He et. al[281]. Additionally, the apoptosis study showed 

St/Biotin@OLA-LPHNs has 8-fold time higher apoptotic ratio as compared to free OLA. On 

considering all the cell-based assay result, our developed nanoformulation (St/Biotin@OLA-

LPHNs) indicates a promising in-vitro antitumor activity against TNBC cell. 

The pharmacokinetic study was conducted in Balb/c mice at the dose of 30mg/kg.bw. 

According to Din et. al, the ideal nanocarrier system should exhibit the desired pharmacokinetic 

profile, which is required for the improved efficacy and reduced side effects[282].  Our 

pharmacokinetic results revealed that OLA loaded LPHNs displayed a significantly higher 

plasma level of OLA in comparison to pure OLA with subsequent increase in AUC of OLA. 

The AUC0-∞ o of St/Biotin@OLA-LPHNs was found 3-folds higher in comparison to OLA 

solution, which indicates St/Biotin@OLA-LPHNs has longer exposure ability in systemic 

circulation. Furthermore, St/Biotin@OLA-LPHNs showed less clearance as compared to OLA 

which indicates long circulation time of drug in biological system. Therefore, it can be 

suggested that encapsulation of OLA into the LPHNs not only reduced the rate of elimination 

of OLA from the bloodstream but it also provides a long circulation time in biological system 

thereby reducing the requirement of frequent dosing. Additionally, the in vivo biodistribution 

result showed high accumulation of St/Biotin@OLA-LPHNs at tumor site as compared to other 

OLA loaded LPHNs OLA-LPHNs and St@OLA-LPHNs) which was shown in the figure 5.42. 

Similar to our study ,other research studies also found  that presence of biotin in nanocarrier 

can enhance the accumulation of drug in tumor tissue[283,284]. Thus, our developed 

formulation possibly enhances the site-specific accumulation of OLA in tumor cells due to 

surface decoration with biotin which is having high affinity with tumour cells. The resultant 

OLA loaded LPHNs showed no toxicity in animal that indicates the nanocarrier is safe to use 

for further biological evaluation. Taken all together, developed St/Biotin@OLA-LPHNs is 

beneficial for further applications and commercialization in future. 

6.6.Development and evaluation of HPPH and OLA co-loaded LPHNs  

Now a days, application of PDT has become promising therapeutics in cancer management due 

to its unique advantages of wide applicability, better selectivity, and slight side effects. 2-[1-

hexyloxyethyl]-2- HPPH is a second-generation, lipophilic, chlorin-based small molecule 

photosensitizer for PDT, which is capable of inducing cell apoptosis by utilizing strong 

oxidation abilities of ROS against nucleic acids, enzymes, and cellular membranes. However, 

HPPH can directly damage tumor cell DNA and induce immunogenic cell death in tumor cell 

to achieve immune function, its practical application is not satisfactory for tumor 
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prognosis[255,285]. The primary reason for reduced PDT action is due to impediment by the 

action of the nuclear enzyme poly (ADP-ribose) polymerase (PARP) which is involved in the 

repair of DNA by binding to the specific location of single-strand damage on the DNA 

molecule, and in turn, facilitating the repair process[255,285]. Hence, the inhibition of PARP 

has the capacity to enhance the effectiveness of PDT. Therefore, combination with PARP 

inhibitor can be a one of the best approaches to overcome disadvantages of PDT as the PARP 

inhibitor induces mutagenic homologous recombination that disturb other DNA repair 

pathways. Along with the advantage, there are few limitations also  associated with HPPH and 

OLA   which hinder the clinical  effectiveness to treat the TNBC [286]. For this purpose, a 

LPHNs system will be a better approach for the management of TNBC as it possess unique 

feature such as high encapsulation efficiency, narrow range of particle size, sustained release, 

high biocompatibility, biodegradability, better pharmacokinetic and pharmacodynamics [287]. 

In addition to this, Dave et. al  also reported that surface modification of LPHNs by chemical 

ligands like biotin, folic acid, TPP, azobenzene etc., show enhanced intracellular uptake, high 

tumor site accumulation of drug[287]. 

In accordance with all the aspects, in this work, we have developed a Biotin and TPP decorated 

HPPH and OLA co-encapsulated LPHNs using single step emulsification method followed by 

solvent evaporation. Further, we have characterized the physicochemical parameters including 

their particle size, zeta potential, morphology, stability, in-vitro release and evaluated the drug 

loading capacity of fresh LPHNs. Further, freeze drying of LPHNs was carried out with 

different cryoprotectants (mannitol, sucrose, PEG4000 and trehalose). The result showed 10% 

(w/w) Trehalose has better profile as compared to other groups (Table 5.36) and was 

subsequently used to improve the storage stability of LPHNs. The resultant nanoparticle 

showed optimal physicochemical properties high drug loading capacity and better release 

profile which facilitate for the in vitro and in vivo evaluation for LPHNs (HPPH-OLA). 

Moreover, the SOSG study was carried out to understand the singlet oxygen capacity which is 

a critical factor for ROS induced PDT activity. The result indicates Biotin-ss-

TPP@HPPH/OLA-LPHNs showed slightly less fluorescence intensity i.e., ~3% less 

fluorescence intensity when compared to pure HPPH. The results lie in concordance with the 

study conducted by Rong et. al, as per their findings the ROS production that only depends 

upon singlet oxygen generation capacity but also depends upon cellular uptake and 

intratumoral delivery. [262]. Thus, low intensity observed in our formulation (Biotin-ss-

TPP@HPPH/OLA-LPHNs) can be compensated. 
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 In order to understand the in-vitro anti-tumor effect against TNBC, we performed cellular 

studies like cytotoxicity, cellular uptake, in vitro ROS, and apoptosis. Both the LPHNs (Biotin-

ss-TPP@HPPH/OLA-LPHNs and Biotin@HPPH/OLA-LPHNs) were assessed for their 

cytotoxicity in the 4T1 breast cancer cells. As shown in Fig.5.48, the Biotin-ss-

TPP@HPPH/OLA-LPHNs displayed more cytoxicity in comparison to Biotin@HPPH/OLA-

LPHNs. Moreover, the synergistic potential of HPPH and OLA was also evaluated. The result 

showed that nanoparticles (Biotin-ss-TPP@HPPH/OLA-LPHNs) showed a better synergistic 

cytotoxicity effect with CI values below 0.5 as compared with Biotin@HPPH/OLA-LPHNs 

and pure solution of HPPH-OLA. Therefore, the enhanced synergistic effect of Biotin-ss-

TPP@HPPH/OLA-LPHNs as compared to Biotin@HPPH/OLA-LPHNs (non-targeted) and 

free HPPH may eventually due to the high cellular uptake of nanoparticles due to mitochondrial 

mediated endocytosis resulting in higher accumulation of drug within the cells and could also 

synergies due to presence of disulfide bond in lipid backbone. The similar result is also reported 

by Li et al. and Nam et al.  [288,289]. Further, the above-mentioned synergistic effect can also 

be confirmed by our cellular and mitochondrial uptake study as the Biotin-ss-

TPP@HPPH/OLA-LPHNs showed efficient mitochondrial uptake when compared to 

Biotin@HPPH/OLA-LPHNs (Figure 5.49). Subsequently, Blank-LPHNs showed no toxicity 

to 4T1, this phenomenon ensures that the LPHNs is safe and biocompatible to encapsulate 

HPPH and OLA against TNBC. Besides, we also observed high apoptosis in case of 

Biotin@HPPH/OLA-LPHNs. The apoptotic potential of Biotin-ss-TPP@HPPH/OLA-LPHNs 

was found to be 2-fold times higher than free HPPH-OLA solution (figure 5.50) which can be 

correlated with enhanced mitochondrial uptake. This result is in line with previous finding of 

Lin Ye et al.  They developed a 7-hydroxyl coumarin loaded TPP-PLA nanoparticle for 

glioblastoma management. The TPP-PLLA NPs were mostly co-localized with mitochondria 

(red) while PLLA NPs(non-targeted) were disorderly distributed in the cells after 10 h of cell 

uptake indicating that TPP-PLLA NPs had significant mitochondria targeting properties and 

effectively delivered drugs to the mitochondria [290]. Taken together, increased mitochondrial 

delivery of Biotin@HPPH/OLA-LPHNs was due to presence of disulfide bond and TPP, 

thereby improving the cellular uptake and enhanced apoptosis induced cell death which support 

the antitumor activity against TNBC.  

Further, hemolysis study was conducted to ensure the biocompatibility of LPHNs. It was found 

that LPHNs (Biotin-ss-TPP@HPPH/OLA-LPHNs and Biotin@HPPH/OLA-LPHNs) 

exhibited hemolytic index below 2% which indicates the LPHNs is safe to use in animal study. 
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Similar to our study, several research studies also  found that hemolytic index below 2% did 

not show any hypersensitive reaction and toxicity to biological system[291]. 

The pharmacokinetic profile represented the overall significant enhancement in 

pharmacokinetic parameters with Biotin-ss-TPP@HPPH/OLA-LPHNs as compared to free 

HPPH-OLA solution (figure 5.53). Moreover, the DiI loaded LPHNs was prepared for 

biodistribution evaluation of LPHNs (Biotin@HPPH/OLA-LPHNs and Biotin-ss-

TPP@HPPH/OLA-LPHNs). It was observed that Biotin-ss-TPP@DiI-LPHNs showed greater 

accumulation of DiI in the tumour site which was 2-fold times higher than the Biotin@DiI-

LPHNs (figure 5.54). Further, to investigate the antitumor activity, Lucifer-tagged 4T1 bearing 

Balb/c model was developed and different treatment with respect dose 30mg/kg.bw for OLA 

and 5mg/kg.bw for HPPH were administered to the 4T1 tumor bearing animal. Afterward, the 

tumor volume and body weight of all the treated mice were examined on every alternative day. 

It has been shown that there were no significant changes in body weight, as shown in Fig. 5.55. 

Further, all the treated group were sacrificed on the 10th day for analysis. H&E analysis 

revealed that vital organs (heart, liver, spleen, lung, kidney) of the treated animal mice showed 

no severe histological damage (Fig 5.59). As shown in the figure 5.55 and Fig. 5.56, 

Biotin@HPPH/OLA-LPHNs treated group showed rapid inhibition in tumor suppression as 

compared to other group (HPPH, OLA, HPPH-OLA and @HPPH/OLA-LPHNs). Further, this 

reduction in tumor growth was confirmed by in-vivo ROS data and tunnel apoptosis data which 

was shown in figure 5.57 and figure 5.58. Similar result related to reduction in tumor growth 

was also previously reported by Ye et al. They demonstrated inhibition of tumor growth is 

probably due to presence of TPP in nanocarrier that can facilitate ROS induced apoptosis. This 

might be attributed due to presence of TPP that facilitates its passage across the cell membrane 

due to the presence of three phenyl groups in its functional backbone. Furthermore, high 

accumulation of TPP  in mitochondria can collapse the mitochondria membrane potential and 

finally facilitate apoptosis  via mitochondrial-mediated pathway [290].  In another study, Zhou 

et al. reported that TPP-conjugated TPGS1000 nanoparticle facilitated the mitochondrial 

targeting and uptake of paclitaxel which  induce the apoptosis  in drug-resistant  cancer by 

releasing cytochrome C, and initiating a cascade of caspase 9 and caspase 3 reactions[292].In 

addition to mitochondrial targeting , inhibition of tumor growth can also be facilitated  due to 

several possible reasons a) improved residence time due to presence of PEG in nanocarrier 

backbone  that enhance circulation time by avoiding RES uptake b) enhanced biodistribution 

profile at the tumor site and passive targeting to tumor  through EPR effect c) active  targeting 
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ability of the Biotin-ss-TPP@HPPH/OLA-LPHNs enabled the drug to accumulate in the biotin 

receptor-expressing tumor tissue[293]. 

Thus, the above-mentioned results support and establish the magnificent tumor targeting 

capability of Biotin-ss-TPP@HPPH/OLA-LPHNs against TNBC. In nutshell, it can be said 

that the treatment with combination of HPPH and OLA in LPHNs system decorated with biotin 

and TPP can be an effective strategy in the management of TNBC. Further, it could be 

translated for clinical application.
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7. Conclusion and Summary

• This research work is focused to evaluate the photodynamic therapy (HPPH) and PARP

inhibitor (OLA) for their therapeutic potential against TNBC.

• The anti-cancer potential of PDT (HPPH) and OLA in TNBC was estimated by the in-vitro

and in-vivo studies using 4T1 cell line(cytotoxicity) and the syngeneic TNBC animal model

(4T1 bearing tumor mice model). We have observed that the HPPH and OLA significantly

reduce the survival rate in 4T1 cells, representing the antitumoral potential of HPPH and

OLA and no significant morphological changes were observed in the 4T1 cell line.

Moreover, combination HPPH and OLA showed the combination index value below 0.8,

indicating the possible synergistic effect. Based on the cytotoxicity result, we have

proceeded to in vivo experiments.  The Balb/c mice were injected with TNBC cell line (luc-

4T1 cell line) with a cell count of 2x106 in PBS exactly at mammary pad through a

disposable syringe. The developed TNBC orthotopic murine models was confirmed by

bioimaging system (IVIS® Lumina III, PerkinElmer, USA). Afterward, HPPH (Dose

5mg/kg.bw), OLA (Dose 30mg/kg.bw) and in combination of HPPH with OLA were

administered in TNBC bearing Balb/c mice.  A substantial enhancement (p<0.001) in the

tumor suppression and enhanced apoptosis cell death pathway was observed when

compared to diseased animal. Moreover, to check the pharmacokinetic profile and

interaction between HPPH and OLA, pharmacokinetic studies of HPPH, OLA and in

combination of HPPH and OLA was performed in Balb/C mice. The results confirmed

various pharmacokinetic problem of OLA i.e., short plasma half-life (t ½) i.e., 5.74±3.35

hr., a high-rate of elimination and low volume of distribution in case of OLA. Further, to

check the compatibility of HPPH and OLA, the pharmacokinetic data suggested the

combination of HPPH and OLA did not find any significant pharmacokinetic interaction

after administration in animal.

• Therefore, to circumvent the problems associated with poor pharmacokinetic and

pharmacodynamic of HPPH and OLA, we have fabricated three different LPHNs system

for HPPH and OLA (alone) and nano carrier-based co-delivery of HPPH and OLA (HPPH-

OLA). The developed nano-formulation were biologically characterized using Balb/c mice

model. Firstly, we have synthesized amphilic targeted co-polymer (Biotin-PEG-PLGA) and

a novel lipid molecule (Linoleic acid-ss-TPP) that characterized using NMR and LC-



Conclusion and Summary 

Page 174 of 210 

MS/MS. which were further utilized in our nano delivery system for site-specific tumor 

targeting to treat the TNBC. 

• HPPH loaded lipid polymer hybrid nanoparticles (LPHNs) were formulated using a single 

emulsification method followed by evaporation. Further, to optimize the LPHNs, the effect 

of independent parameters (i.e., concentration of PVA solution and amount of DC89PC) on 

response parameters (i.e., Particle Size and % Entrapment efficiency) were studied using 

the CCD based response surface methodology via DOE approach. The comparative analysis 

of physiochemical properties such as average Particle size (PS), Polydispersity index 

(PDI) and zeta potential of the optimized LPHNs with fresh and after freeze drying were 

studied. The morphological evaluation of LPHNs was carried out using SEM analysis. The 

data revealed that the developed LPHNs were spherical with uniform distribution. The 

release profile of pure HPPH described complete drug release from the dialysis bag within 

12 h. Whereas HPPH encapsulated LPHNs followed a biphasic release pattern i.e., a 

biphasic release profile. The   stability of lyophilized LPHNs was characterized with two 

different storage condition i.e., 4 °C/65% RH and 25 °C/60% RH for 90 days to understand 

the shelf life of the LPHNs. The singlet-oxygen-generating potential of HPPH and its 

LPHNs was detected by the Singlet Oxygen Sensor Green (SOSG) assay at the excitation 

wavelength 494 nm. Notably, the fluorescence intensity of HPPH was significantly reduced 

due to encapsulation of HPPH in nanocarrier, the 1O2 generation ability of both nanocarrier 

(HPPH-LPHNs and Biotin@HPPH-LPHNs) was reduced by ~60 % relative to that of pure 

HPPH. Although, singlet oxygen generation is the key for ROS production in cancer cell. 

In spite of that, production of ROS also depends upon cellular uptake of the HPPH. 

Therefore, it can be compensated. Furthermore, in vitro cellular studies confirmed that 

HPPH loaded LPHNs significantly improved the cell viability, cellular uptake, ROS 

generation and apoptosis induced cell death when compared to free HPPH. The in vivo 

pharmacokinetics and biodistribution studies have shown that Biotin@HPPH-LPHNs 

significantly enhanced the pharmacokinetic parameter and improved tumor accumulation 

capacity as compared to HPPH-LPHNs(non-targeted) and free HPPH. Moreover, no toxicity 

was observed in pure HPPH and HPPH loaded LPHNs, indicating that fabricated LPHNs 

for HPPH is biocompatible.

• In the same way, the LPHNs for OLA (i.e., OLA-LPHNs, St@OLA-LPHNs and 

St/Biotin@OLA-LPHNs) was fabricated using emulsification followed by solvent 

evaporation method. The OLA loaded LPHNs (both lyophilized and non-lyophilized 
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LPHNs) were characterized with respect to PS, PDI, zeta potential, shape, %EE and % DL. 

Additionally, SEM image showed that OLA loaded nanoparticles were nano-metric in size 

with spherical shape which matches with result of DLS analysis.  It has also been observed 

that LPHNs were less aggregated with enhanced stability. Both DSC and IR results 

confirmed that OLA is completely encapsulated in the LPHNs. The stability of lyophilized 

nanocarrier was evaluated for 3 months with two different storage conditions i.e., 4 °C/65% 

RH and 25 °C/60% RH. It was observed that the stability samples with both storage 

condition showed no significant changes in PDI and PS compared to the fresh batch. 

Hemolysis of nanoparticle was performed using RBCs of mice. The pure OLA and its 

LPHNs (OLA-LPHNs, St@OLA-LPHNs and St/Biotin@OLA-LPHNs) showed hemolytic 

index of approx. 1.5%.  Furthermore, in vitro cellular studies confirmed that OLA loaded 

LPHNs significantly improved the cell viability, cellular uptake and apoptosis as compared 

to free OLA. The in vivo pharmacokinetics confirmed that Biotin@HPPH-LPHNs 

significantly enhanced the pharmacokinetic parameter with respect to biological half-life, 

AUC, Clearance and rate of elimination. Further, Biodistribution study was performed using 

DiI dye for all the nanocarrier and found that improved tumor accumulation capacity of 

St/Biotin@OLA-LPHNs when compared to other non-targeted nanocarrier. No toxicity was 

observed in the treated group when compared to control group, indicating OLA loaded 

LPHNs to be biocompatible and safe. 

• In addition, co-encapsulated HPPH and OLA in LPHNs were also formulated by single 

emulsification method using the stearylamine, Biotin-PEG-PLGA, linoleic acid-ss-TPP and 

PVA. Further, the designed nanocarrier was subjected to physiochemical characterization. 

It was observed that the PS was found in between the range of 100-200 nm which is in line 

with SEM analysis and further, the FEI-SEM data representing the spherical morphology of 

the particle with uniform size distribution across nanocarrier systems. The release profile of 

the free drug and LPHNs was performed using dialysis bag method. The drug loaded 

nanoparticle exhibited a burst release followed by controlled release pattern which could 

provide a better residence time of drug in biological system. The cytotoxicity of HPPH and 

Olaparib co-encapsulated LPHNs were studied in 4T1 cell line. The result suggested that 

Biotin-ss-TPP@HPPH/OLA-LPHNs showed 14.47% cell death at combination dose of 

4µM and 24µM for HPPH and OLA respectively, while Biotin @HPPH-OLA-LPHNs and 

pure combination of HPPH and Olaparib showed 28.80 % and 46.27% cell death 

respectively. Blank LPHNs did not show any significant change in the cell viability. The 
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cellular uptake of LPHNs was performed by using a hydrophobic dye i.e., coumarin-6. 

Further, to evaluate mitochondrial penetration of nanocarrier, Mito-tracker (Red) was also 

used. The fluorescence intensity of Biotin-ss-TPP@HPPH/OLA LPHNs was stronger than 

Biotin@HPPH/OLA-LPHNs. The Mito tracker fluorescence intensity of Biotin-ss-

TPP@HPPH/OLA-LPHNs was stronger when compared to Biotin@HPPH/OLA-LPHNs. 

The apoptosis study suggested that Biotin-ss-TPP@HPPH/OLA-LPHNs exhibited 37.74% 

of apoptotic ratio which is 2.32-fold time and 1.9-fold time higher from pure HPPH-OLA 

and Biotin@HPPH/OLA-LPHNs respectively. Moreover, the resultant HPPH and OLA co-

encapsulated LPHNs showed improved pharmacokinetics as compared to free drug. 

Moreover, the biodistribution of Biotin@DiI-LPHNs and Biotin-ss-TPP@DiI-LPHNs was 

carried out and the results showed a greater tumor accumulation with Biotin-ss-TPP@DiI-

LPHNs in comparison to Biotin@DiI-LPHNs which is 1.6-fold times higher. The in-vivo 

efficacy   was assessed in Luciferin tagged 4T1 tumor bearing animal. Notably, the result 

suggested Biotin-ss-TPP@HPPH/OLA-LPHNs treated animal showed significant tumor 

suppression when compared to combination of HPPH and OLA and Biotin@HPPH/OLA-

LPHNs. Further, Biotin-ss-TPP@HPPH-OLA LPHNs treated animal group showed a 

higher intensity of in vivo ROS generation compared to other group i.e., HPPH, OLA, 

physical mixture HPPH and OLA and Biotin@HPPH/OLA-LPHNs. It could be due to better 

penetration of drug loaded nanoparticle in mitochondrial site of tumour tissue. The tunnel 

assay also suggested higher apoptotic response of Biotin-ss-TPP@ HPPH/OLA-LPHNs 

(exhibits 2.1-fold time apoptotic ratio) in comparison to combination of pure HPPH and 

OLA. Also, histochemical analysis was performed for all group using H&E staining. No 

toxicity was observed in vital organ, which may be due to effective drug encapsulation into 

the nanocarriers system. 

• Therefore, succinctly, our work demonstrated that this surface modified LPHNs based 

therapeutic strategies could be utilized HPPH and Olaparib with improved target specific 

biodistribution leading to enhanced anti-tumor efficacy against TNBC along with reduced 

toxicity.
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8. Salient findings from the present research work 

• Our research work confirmed that both HPPH and OLA are effective against TNBC. 

Moreover, their combination has also confirmed synergistic response against TNBC. 

Therefore, it could pave the way for facilitating further clinical translation avenue. 

• The di-block amphiphilic co-polymer (Biotin-PEG-PLGA) and lipid (DC89PC, 

Linoleic acid and Linoleic acid-ss-TPP) were synthesized and characterized using 

NMR and LC-MS/MS. 

•  The LPHNs system were fabricated and evaluated for HPPH and OLA (alone) and 

their combination (HPPH-OLA) to treat TNBC. 

• Also, developed nanocarrier system for HPPH and OLA-alone and co-delivery system, 

significantly circumvented the pharmacokinetic problem including short half-life, high 

elimination rate, and biological instability.  

• In addition, the bio-distribution studies of surface modified LPHNs encapsulated HPPH 

and OLA) (alone) and co-encapsulated HPPH and Olaparib has been carried out in 4T1 

mouse model which showed enhanced drug accumulation in tumour site. Thus, it is 

evident that developed LPHNs delivered both HPPH and OLA selectively to TNBC 

tissue that could minimize the toxicity. 

• Moreover, surface engineered co encapsulated (HPPH and OLA) LPHNs 

(Biotin@HPPH/OLA-LPHNs and Biotin-ss-TPP@HPPH/OLA-LPHNs) showed 

significant tumour suppression activity when compared with free drug. There was no 

toxicity observed with these two drugs loaded LPHNs. 

• Therefore, our work demonstrated that this surface modified LPHNs based therapeutic 

strategies could be utilized for HPPH and Olaparib with improved target specific 

delivery as confirmed by biodistribution that may lead to enhanced anti-tumour efficacy 

against TNBC along with reduced toxicity. 
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9. Future scope of this work 

The present research work established that both HPPH and OLA has a therapeutic potential 

against the TNBC. Furthermore, evidenced that combination of HPPH and OLA provides an 

effective syngerstic therapeutic potential for the management of TNBC. Based on these 

findings, utilizing the obtained evidence future research can be performed as:  

• Exploring the advantage of third generation and other second generation chlorin based 

PDT molecules may further open novel paths for therapeutic management of Breast 

cancer including TNBC. 

• Co-delivery of PDT with different classes of drugs such EGRF inhibitor, PD-1 inhibitor 

and gene therapy may be studied for exploring the synergistic potential in TNBC 

conditions 

• The synthesized di-block co-polymer and novel lipid molecules can be further modified 

for site specific delivery to the TNBC tissue for its better management. 

• The pharmaceutical dosage form can be modified using different alternative approaches 

such as development of other type of nanocarrier system, alternative method of 

preparation, and exploring other excipients to improve the drug loading and 

targetability that may eventually minimize the side effect and cost of product.  

• The method of preparation and process control parameters could be further modified 

for the scale-up and manufacturing of the nanocarrier for the industrial application.  

• The developed nanocarrier may be further modified for dosage form design for patient 

compliance. 

• The safety investigations can be performed for long-term usage of the product.
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