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Abstract 

Purpose and Specific Aims: There are several limitations associated with the current 

gliobalstoma therapy, namely radiation induced lipid peroxidation and resistance to 

chemotherapy, resulting in recurrence of glioblastoma. In order to overcome these 

problems, alternative agents such as lazaroid U74389-G (LAZ) need to be explored. 

LAZ, a 21-aminosteroid, is a known lipid peroxidation inhibitor in vivo and has also 

demonstrated anti-proliferative activity in vitro. However, LAZ a potential substrate of P-

glycoprotein (P-gp) efflux transporter, is extensively metabolized by Phase I enzymes 

and has shown high hepatic clearance on intravenous administration leading to poor brain 

penetration and restricting its potential in treating glioblastoma. One approach to 

overcome the limitations associated with LAZ is to design drug-loaded nano-carriers 

engineered to have surface properties and sub-micron size conducive for delivery across 

the blood brain barrier (BBB) while escaping the clearance by liver. The goal of this 

study was to investigate the utility of LAZ loaded nano-carriers such as nanostructured 

lipid carriers (NLCs), increasing the brain exposure while decreasing the liver exposure 

of LAZ.  

Three specific aims were proposed in order to achieve our goal; 1) Development, 

optimization and in-vitro characterization of lazaroid loaded NLCs, 2) development and 

validation of UPLC-MS/MS for quantification of lazaroid in bio-matrices and 3) 

evaluation of pharmacokinetics and bio-distribution of lazaroid formulations in Sprague-

Dawley rat model. 
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Method: A 2-factor, 5-level Central Composite Design (CCD) along with response 

surface plots were used to determine the effect of independent variables (amount of 

DSPE-PEG 2k and % liquid lipid) on dependent variables (particle size, zeta potential 

and encapsulation efficiency), and providing numerical optimization for LAZ-NLC 

composition. The optimal LAZ-NLCs were characterized for their physico-chemical 

properties such as particle size and morphology, surface charge, encapsulation efficiency, 

crystallinity, hemolytic potential and storage stability using various analytical techniques. 

A sensitive UPLC/MS-MS analytical method was developed and validated for the 

analytical quantification of LAZ in rat plasma and brain, liver and lung tissue samples. 

Male Spargue-Dawley rat groups were dosed intravenously with optimal LAZ-NLC (15 

mg/kg) and comparative LAZ citrate (5 mg/kg) and LAZ co-solvent (15 mg/kg) solutions 

and the plasma pharmacokinetics and brain, liver and lung bio-distribution profiles were 

evaluated for up to 8 hours. Additionally, male Spargue-Dawley rats were dosed 

intravenously with increasing dose of the optimal LAZ-NLC from 15 to 60 mg/kg. The 

brain levels of LAZ 20 minutes post-dose were evaluated in each dose group and were 

evaluated using ANOVA and power model for assessing dose linearity. 

Results: The DSPE-PEG 2k had an inverse effect on particle size and zeta potential and a 

synergistic effect on encapsulation efficiency of LAZ-NLCs. The liquid lipid Labrasol 

had an inverse effect on particle size and a slight synergistic effect on zeta potential 

without having any effect on encapsulation efficiency of LAZ-NLC. The optimal LAZ-

NLCs measured 172.3 ± 3.54 nm in diameter with surface charge of -4.54 ± 0.87 mV and 
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encapsulation efficiency of 85.01 ± 2.60 %. The optimal LAZ-NLCs were spherical in 

shape as per transmission electron microscopy and in vitro hemolytic potential was 

within acceptable limits (<15%) for formulation to blood ratio up to 1. LAZ was 

solubilized in the lipid matrix of the NLC in an amorphous state as highlighted by 

differential scanning calorimetry and x-ray diffraction analysis. The optimal LAZ-NLC 

was stable on storage at 4°C for up to 3 months with slight increase (1.2 times) in particle 

size and slight decrease (3 times) in zeta potential and insignificant changes in 

encapsulation efficiency. Although the optimal LAZ-NLC had similar plasma 

pharmacokinetic profile compared to LAZ citrate solution and LAZ co-solvent groups, 

different inter-compartmental clearance between groups resulted in differential organ bio-

distribution profiles. The LAZ exposure in brain was enhanced by two times with NLC 

and co-solvent compared to citrate group while a decrease in liver exposure by half was 

observed for NLC compared to citrate and co-solvent group. The optimal surface 

properties of optimal LAZ-NLC and presence of DSPE-PEG 2k and Polysorbate 80 were 

instrumental in increasing the LAZ brain permeability while decreasing its hepatic 

exposure. A combination of transport mechanisms such as passive diffusion, active 

endocytic uptake and/or inhibition of efflux transport were proposed for passage of free 

unbound LAZ as well as intact LAZ-NLC across the BBB. The optimal LAZ-NLC was 

retained twice longer than citrate group in the lungs. A dose-linearity study indicated 

non-proportional (11.6 times) increase in brain levels of LAZ at 20 minutes post-dose 

with linear (4 times) increase in dose of optimal LAZ-NLC from 15 to 60 mg/kg. 
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Conclusion and Significance: We demonstrated the utility of NLCs designed using 

logical methodology with favorable properties in enhancing LAZ exposure to the brain.  

We established 1) a CCD matrix for determining the effect of NLC composition on 

particle size, zeta potential and encapsulation efficiency, 2) a selection criteria for 

formulation composition in enhancing brain delivery using CCD matrix with the resulting 

optimal LAZ-NLCs measuring < 200 nm, with a neutral surface charge and high drug 

payload, 3) the physico-chemical properties of optimal LAZ-NLCs viz. spherical in 

shape, retention of lipid crystallinity and conversion of LAZ to amorphous state, low 

hematotoxic potential, and stable on storage, 4) the optimal LAZ-NLC had similar 

plasma pharmacokinetics as LAZ citrate and co-solvent groups, but a disparity in the bio-

distribution pattern was seen with two times increase in brain levels of LAZ for both 

NLC and co-solvent compared to citrate group with reduction in LAZ liver levels by half 

for LAZ-NLC compared to citrate and co-solvent group, and 5) a non-linear increase in 

amount of LAZ in brain on linearly increasing the dose of optimal LAZ-NLC.  

Our study is significant since it laid the foundation for the pre-clinical efficacy testing of 

LAZ-NLC in treatment of glioblastoma and its potential translation to clinical setting. 
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Chapter 1: Literature Survey 

1.1. Glioblastoma 
Gliomas are tumors arising from glial or precursor cells and account for almost 80 % of 

malignant brain tumors [1]. The cellular origins of gliomas can be traced to various cell 

types such as neural stem cells, oligodendrocyte progenitor cells, polydendrocytes and 

reactive astrocytes [2, 3]. 

Gliomas can be classified as ‘diffused’ or ‘circumscribed’, depending on the degree of its 

infiltration in the normal brain tissues [4]. The World Health Organization (WHO) has 

classified gliomas into four grades from I to IV (Table 1) based on histological analysis, 

malignancy potential and its effects on the clinical outcome. Glioblastoma multiforme 

(GBM) is defined as cytologically malignant, mitotically active, necrosis-prone grade IV 

diffused glioma [5]. 

 

Table 1: WHO classification of gliomas [5] 
 

Grade Histology Proportion 

(%) 

5-year survival (%) 

I Pilocytic astrocytoma 5.2% >10 

II Diffuse astrocytoma 1.8% >4 

III Anaplastic astrocytoma 13.8% 1.5-6.6 

IV Glioblastoma multiforme (GBM) 53.9% 5 
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GBM accounts for 15.4% of all primary brain tumors, 46.1 % of primary malignant brain 

tumors and for the majority of gliomas (55.1%). GBM has the highest number of cases of 

all malignant tumors, with 11,890 cases predicted in 2015 and 12,120 in 2016 [1]. The 

current standard treatment involves maximal surgical removal of the tumor followed by 

concurrent radiation therapy and chemotherapy with temozolomide. With this therapy, 

the median survival of the patients is approximately 14 months with very low 5-year 

survival rate post-diagnosis of 5.1% [1, 6].  

 
Figure 1: Histological progression of normal brain to GBM [7] 

 

The progression of normal brain tissue to GBM is represented in Figure 1.The tumor 

cells penetrate through the normal brain parenchyma resulting in infiltrating astrocytoma 

with retention of normal cellular and vascular structures. The infiltrating astrocytoma 
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progresses into anaplastic astrocytoma where an increase in tumor cell proliferation rates 

with physical changes in vascular structures such as lumen dilation or thickened walls are 

observed. Anaplastic astrocytoma further transitions into GBM, which is characterized by 

necrosis (black arrow Figure 1) with tumor cells arranged in pseudopalisading structure 

and microvascular hyperplasia in the form of glomeruloid shaped vascular proliferation 

(white arrow Figure 1) [7].  

1.2. Limitations of glioblastoma therapy 
In spite of standard optimal treatment with radiation and chemotherapy, glioblastoma can 

relapse with median time of about 7 months. This recurrence is mainly due to 

histologically heterogeneous and invasive nature of GBM limiting the therapeutic 

efficacy of the current therapy [8]. The refractoriness and aggressiveness of GBM 

restricts the benefits of surgery and radiotherapy resulting in tumors located in 

inaccessible anatomic locations such as cortex, basal ganglia, or brain stem. Additionally, 

the efficacy of radiotherapy is also limited due to its low therapeutic index for normal 

brain and tumor tissues. The physico-chemical properties of chemotherapeutic agents 

coupled with the presence of blood-brain and blood-tumor barrier fortified with efflux 

transporters, limit the permeability and therapeutic efficacy of these agents [9-11]. 

1.2.1. Radiation-induced brain injury 
The benefits of radiotherapy could be limited because of the exposure of healthy brain 

cells to radiation. Tofilon et. al., proposed a model for radiation-induced brain injury 

which constitutes a series of simultaneous multi-faceted processes starting with acute cell 
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injury/death, activation of bio-chemical cascade generating secondary reactive responses 

like oxidative stress and competing induction for coding of protective cytokines [12]. Of 

particular interest in radiation-induced brain injury, is lipid peroxidation, a symbol of 

oxidative stress resulting in formation of reactive oxygen species (ROS) and eventually 

leading to cell injury and death. The healthy brain is susceptible to radiation-induced lipid 

peroxidation mainly due to high oxygen consumption rate, high proportion of poly-

unsaturated fatty acids (PUFA) and catecholamines, high iron content, and low level of 

anti-oxidant enzymes [13]. Lipid peroxidation is a chain of chemical reactions involving 

attack of ROS on PUFA, resulting in formation of several reactive products which 

interact with proteins, phospholipids and nucleic acids to form toxic adducts and 

complexes. There are three steps in lipid peroxidation; initiation, propagation and 

termination (Figure 2, a and b). The energy from ionizing particles in radiation is 

transferred to water leading to ionization of water molecules to yield ROS. In the 

initiation step [Step 1], ROS interacts with the reactive hydrogen atom in the methylene 

group next to the double bond of PUFA, resulting in formation of lipid radical (L·). In the 

propagation phase [Step 2], the lipid radical reacts with molecular oxygen to generate an 

unstable lipid peroxyl radical (LOO·) and lipid hydroperoxide (LOOH). Additionally, 

redox metal catalysts like iron or copper can also interact with the lipid hydroperoxide 

resulting in formation of ROS (alkoxy radical).  The newly generated lipid peroxyl and 

alkoxy radicals will in turn interact with another PUFA, continuing the cyclic cascade of 

peroxidation reactions [Step 3].  
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Figure 2: Steps in lipid peroxidation a) chemical reaction [14]  and b) schematic 

representation [15] 
 

The termination of the reaction [Step 4] involves, scavenging of the lipid peroxyl radical 

by anti-oxidants like α-tocopherol and thus inhibiting the chain reaction. The lipid 

hydroperoxide formed would degrade into end products such as malondialdehyde, 4-

hydroxy-2-nonenal, acrolein and isoprostanes which cross link with DNA and proteins 

altering their functions and activities [14, 16, 17]. 
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The radiation-induced brain injuries are classified as pseudoprogression and radiation 

necrosis [18]. Pseudoprogression occurs within 2-5 months whereas radiation necrosis 

could occur from 3 months to more than year after initiation of radiation therapy. The 

time-line of side effects due to radiation-induced brain injury is highlighted in Figure 3.  

 

 

 

 

 

 

 

 

 

 
Figure 3: Time-line of effects of radiation-induced brain injury [19] 

 

Pseudoprogression could result in range of acute side effects such as edema, headache to 

early delayed effects like transient demyelineation, which are reversible and can be 

resolved. Radiation necrosis causes series of late delayed effects such as vascular 

abnormalities, demyleniation, and white matter necrosis. With the advent of modern 

radiation therapy techniques, the manifestations of adverse, early delayed and most of the 

late delayed effects can be negated. However, in case of patients surviving beyond a year 
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after radiotherapy the dynamic interactions of various brain cells with radiation results in 

development of cognitive impairment affecting their quality of life [19].  

1.2.2. Resistance to temozolomide (TMZ) 
Temozolomide, an oral alkylating agent, is used as a gold standard in treatment of GBM. 

However resistance mechanisms such as methylation status of O6-meG DNA 

methyltransferase (MGMT) and loss of mismatch repair (MMR) can affect the 

effectiveness of TMZ in treating GBM. 

TMZ produces toxic lesions by methylation of the guanine residues in tumor cells 

forming O6-methylguanine (O6-meG) leading to tumor cell death. MGMT is a repair 

enzyme that removes the O6-alkylguanine resulting in restoration of guanine residue in 

tumor cells and thus promoting their survival. In normal cells, the wild form of metabolic 

enzyme isocitrate dehydrogenase (IDH1) prevents the methylation of MGMT leading to 

cell survival (Figure 4). However, in GBM there can be a loss or mutation of IDH1 

resulting in methylation of MGMT and causing a loss of its repair function resulting in 

cell death. Furthermore, it has been established clinically that patients expressing non-

methylated promoter gene encoding MGMT have shown to have lower long-term 

progression-free survival compared to methylated promoter gene when treated with TMZ 

[4, 20, 21].  
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In normal cells, the genes encoding for mismatch repair (MMR) recognizes the 

mismatching of O6-meG lesions with thymine base and activates cascade of reactions 

resulting in tumor cell death. However, mutation or loss of gene encoding for MMR in 

tumor cells results in DNA replication and cell survival [22].  

Thus, MGMT and MMR pathways play an important role in deciding the sensitivity of 

TMZ to GBM. The determination of MGMT methylation status serves as clinically 

relevant biomarker in accessing the inclusion of TMZ in the treatment of GBM. Even if 

the patients show methylated MGMT promoter gene or absence of MGMT, the mutations 

in MMR gene would then play a crucial role in determining the success of TMZ therapy. 

 

 

 

 

 

 

 

 

 
Figure 4: Resistance mechanism of TMZ [4] 
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1.3. Lazaroids 
1.3.1. History 
Methyl prednisolone was tested both pre-clinically and clinically in brain and spinal cord 

injury as a neuro-protective agent at high dose of 30 mg/kg. It was seen that the neuro-

protective action was mediated via anti-oxidant effect inhibiting lipid peroxidation. 

Additionally the anti-lipid peroxidation effect was independent of the glucocorticoid 

receptor mechanism. Use of synthetic chemistry tools led to development of group of 

non-glucocorticoid steroids called as 21-aminosteroids, which were potent and effective 

inhibitors of lipid peroxidation [23]. The earliest 21-aminostroids developed was U-

72099E having equivalent lipid peroxidation inhibition compared to methyl prednisolone 

and lacking glucocorticoid activity.  

Additional efforts were directed to synthesize 21-aminosteroids such as U-74006F, U-

74389G and U-74500A having more potent properties than U-72099E. Of all the 21-

aminosteroids, U-74006F or tirilzad mesylate was selected to undergo phase III clinical 

trials in humans for brain and spinal injury, subarachnoid hemorrhage, and stroke [23]. 

Lazaroid U-74389G (LAZ) is a close structural analog of tirilazad mesylate, 

characterized by the absence of the methyl group in the 16-position of the steroid ring 

system (Figure 5) and has demonstrated similar pharmacokinetics and pharmacological 

properties as tirilzad mesylate [24].  
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Figure 5: Chemical structures of a) methyl prednisolone, b) tirilazad mesylate (U-

74006F) and c) U-74389G 

1.3.2. Therapeutic uses 
Lazaroids have demonstrated lipid peroxidation inhibitory activities (in vitro IC50 values: 

2 to 60 µM) comparable to commonly used anti-oxidants, such as α–tocopherol and 

butylated hydroxytoluene (BHT) [25]. Additionally, lazaroids have shown effectiveness 

in various in vivo preclinical and clinical trials of head and spinal cord injury, chronic 

cerebral vasospasm, ischemia, subarachnoid hemorrhage [26-33]. Apart from the 

aforementioned conditions, LAZ could also potentially be used as a therapeutic adjuvant 

in the current glioblastoma therapy because of the following reasons: 

16th 
position 

b) a) 

c) 

16th 
position 
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1. LAZ has been tested as an in vivo radio-protectant in stereotactic radiosurgery 

induced radiation injury in healthy cats and rats, as well as in malignant glioma 

model in rat [34-36].  

2. LAZ has also demonstrated anti-proliferative activities in vitro in primary cultures 

of glioma and human astrocytoma cell lines [37, 38]. 

3. LAZ distributes at level of vascular endothelium, selectively protecting normal 

tissues over tumor tissues [34]. 

4. The anti-oxidant, anti-inflammatory and cyto-protective activities of LAZ have 

been demonstrated in ischemia and reperfusion injury in rat liver [39], pig 

intestine [40] and pancreas [41], and in pig model of intracerebral haemorrhage 

[42]. Lazaroids have shown to exert cyto-protective effects by inhibiting 

arachidonic acid release, stabilizing cell membranes, suppressing Kupffer cell 

activation, suppressing the cytokine production by inhibiting nuclear factor kappa 

B activation [43]. 

1.3.3. Mechanism of action 
The lazaroids inhibit lipid peroxidation via two pathways: free radical scavenging and 

membrane stabilization. The lazaroids exert a chemical anti-oxidant effect similar to 

Vitamin E by scavenging lipid peroxyl radicals and are also capable of scavenging and 

decreasing the production of hydroxyl radicals. The lazaroids have been established as 

inhibitors of both iron-dependent and iron-independent lipid peroxidation reactions [44]. 

The lazaroids have demonstrated high affinity for lipid bilayer in cell membrane resulting 
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in physcio-chemical interactions. At physiologic pH the piperazine nitrogen is positively 

charged resulting in ionic interaction with the negatively charged phosphate group of 

phospholipid in the lipid bilayer (Figure 6). Additionally, the pyrimidine amine group of 

lazaroids compresses the phospholipid head group. The bulky steroid moiety orients itself 

and localizes in the hydrophobic tail group of lipid bilayer. The interaction with free 

radicals lead to disordering and destabilization of the lipid bilayer whereas, the lazaroids 

incorporated in the lipid bilayer in defined positions and orientations help to decrease the 

membrane fluidity resulting in stabilization. The membrane stabilizing and anti-oxidant 

effects of lazaroids cumulatively aid in preventing the lipid peroxidation chain reaction 

by restricting the movement of free radicals thus preventing their interaction with 

membrane lipids [45] 

 

 

 

 

 

 

 
 

 
Figure 6: Physico-chemical interactions of lazaroid with cell membrane lipid bilayer [45] 
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1.3.4. Pharmacokinetics  
Two phase-III clinical trials were conducted to test the efficacy of tirilazad mesylate on 

patients with acute stroke. Treatment with trilazad mesylate did not show improvement in 

overall patient survival compared to control group and since then further research on 

lazaroids was discontinued [46, 47]. The possible reasons for the failure of the clinical 

trials could be attributed to high hepatic clearance of lazaroids on intravenous 

administration [48]. Additionally, lazaroids are metabolized via both oxidative 

(cytochrome P450) and reductive (5α-reductase) pathways [49] and are potential 

substrates of P-glycoprotein (P-gp) efflux transporter [50]. This could have decreased the 

systemic exposure of lazaroids limiting their transport across blood brain barrier (BBB), 

leading to sub-therapeutic drug concentrations in the brain. 

1.4. Delivery to the brain 

1.4.1. Blood brain barrier (BBB) 

The blood brain barrier (BBB) is an anatomic and physiological barricade essential in 

maintaining the normal brain function and homeostasis. The BBB is composed of brain 

blood capillary endothelial cells, astrocytes, basement membrane, pericytes, neurons and 

microglia and are called as the ‘neurovascular unit’ (Figure 7) [51]. The neurovascular 

unit has unique features that help to nourish the brain with nutrients and to protect it from 

invasion of harmful systemic toxic substances. The unique features of neurovascular unit 

are summarized as follows: [52, 53] 
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• The presence of intercellular tight junctions between the brain endothelial cells, 

the absence of fenestrations and very few pinocytic vesicles resulting in lower 

paracellular diffusion. The tight junctions form complex interactions between the 

transmembrane proteins (occludins, claudins) and cytoplasmic proteins (zonula 

occludens-1 and 2) and are strengthened by interactions with glial cells, 

astrocytes, pericyetes and neurons. 

• High mitochondrial expression resulting in increased metabolic activity coupled 

with expression of specific influx (amino acid, insulin) and efflux (Pgp) 

transporters and receptors help to control the entry and exit of substances in and 

out of the brain. 

• In addition to the brain endothelial cells, the glial cells and astrocytes maintain the 

integrity of BBB by releasing neuro-protective factors such as neurotrophic 

factor, angiopoietin-1, etc. The pericytes and neurons are in close contact with 

the brain blood vessels regulating their vascular structure and functions. 

• The BBB limits the entry of immune cells like lymphocytes and lacks lymphatic 

clearance system. Additionally, the brain endothelial cells forms a network with 

perivascular macrophages, mast cells ad microglia forming an immune barrier. 
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Figure 7: The neurovascular unit of blood brain barrier [52] 
 

The brain uptake of drugs depends not only on its transport properties across the BBB but 

also on the drug concentration in the blood. This is known as the pharmacokinetic rule 

and could be described by Equation 1: 

Equation 1 %!"/! = !"!×!!!"#!   
	

• %ID/g is the percent of administered dose taken up by per gram of the brain,  

• PS is the permeability-surface area of BBB, 

• AUC is the area under the curve of drug plasma concentration  

The PS is dependent on the transport properties of drug across BBB and the AUC is 

governed by the clearance of drug from systemic circulation by organs of 

reticuloendothelial system (RES) such as liver, spleen, etc. Based on the this rule, an 
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enhanced brain uptake of drugs is seen on increasing the systemic exposure of the drug 

(AUC) and drug modifications to increase passive and/or active transport across the BBB 

(PS). However, the increase in PS by chemically modifying drug structure to make it 

more lipophilic simultaneously increases the peripheral distribution of the drug resulting 

in more clearance and less systemic exposure. Thus, a fine balance has to be met, wherein 

an increased drug circulation time is achieved along with increased brain permeability 

[54]. Moreover, the distribution of drugs to the brain is further dictated by various factors 

such as plasma/tissue protein binding, rate of systemic and brain metabolism, BBB influx 

and efflux rates, cerebral blood flow, pathological conditions, etc [55].  

The ideal physico-chemical properties of drug for passive as well as active transport 

across BBB are summarized in Table 2 [56]. 

The different transport mechanisms for passage of drug molecules across BBB are 

depicted in Figure 8. The paracellular transport across the tight junctions is negligible 

due to lack of fenestrations and presence of pinocytic processes. The paracellular 

transport (a) is only restricted to small water-soluble agents. 
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Physico-chemical properties Limits 

Molecular weight < 450 Da 

Lipophilicity cLogP < 5 

Number of H-bond donor < 3 

Number of H-bond acceptor < 7 

Number of rotatable bonds  < 8 

H-bonds  < 8 

pKa Neutral or basic with pKa 7.5–10.5 

Metabolic stability with 
 

>80% remaining after 1 h 

P450 enzyme CYP inhibition < 50% at 30 uM 

No significant CYP2D6 metabolism, not a potent CYP3A4 inducer, Not an efficient P-
glycoprotein substrate (in vivo) 

 

Table 2: Physico-chemical properties of drug to cross BBB [56] 
 

The transcellular transport consists of passive diffusion and active transport. Lipid 

soluble agents like oxygen, carbon di-oxide, alcohol, and steroid hormones can easily 

transported across the lipid bilayer via passive diffusion (b). Carrier-mediated transport 

(c) can use ATP (active transport) or not use ATP (facilitated diffusion) for moving small 

molecules across the BBB. The carrier-mediated transport involves movement of 

molecules from either blood to brain (influx) or from brain to blood (efflux) and the 

transporters can be saturated or inhibited. The influx transporters such as amino acid 
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transporters are used to deliver essential nutrients like basic amino acids to the brain 

while efflux transporters such as P-gp, multidrug resistance-associated protein (MRP) 

expel the drug molecules like cyclosporine from the brain. The receptor-mediated 

transcytosis (d) is an energy dependent process involving endocytosis of receptor-ligand 

complex and its transport across the cell membrane for exocytosis. Large molecules like 

transferrin, insulin are transported via receptor-mediated transcytosis. Adsorptive 

transcytosis involve ionic interaction of negatively charged cell membrane with 

positively charged molecules such as albumin for transport across the BBB [57, 58]. 

 

Figure 8: Transport routes across the blood brain barrier (a-e) [58] 
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The various strategies employed, to bypass the BBB to deliver drugs at therapeutic 

concentrations to the brain have been extensively studied and are summarized as 

follows:[57, 59-61] 

1. Chemical modification of drugs for targeted delivery, use of prodrugs and 

lipophilic drug analogs 

2. Biological transport using carrier and/or receptor mediated delivery 

3. Convection enhanced delivery  

4. Temporary osmotic, biochemical or ultrasound mediated disruption of BBB,  

5. Circumventing BBB using alternative routes such as intra-nasal delivery, intra-

cerebroventricular and intrathecal injections as well as intracerebral delivery 

using interstitial injections 

We will be focusing in more detail on the use of nano-carrier systems as drug delivery 

vehicles to evade the BBB for delivering drugs to the brain.  

The ideal nano-carrier should possess the following characteristics:[59, 62] 

1. Particle size < 100 nm and hydrophilic surface coating to prevent clearance by 

reticuloendothelial system (RES) resulting in prolonged systemic circulation. 

2. Made from biocompatible, biodegradable and non-toxic materials; resulting in 

increased systemic stability in blood/plasma and reduction in immunogenicity and 

inflammatory responses due to lower tendency of platelet aggregation, activation 

of neutrophils, etc. 

3. Ability to engineer the surface by attaching targeting ligands for carrier or 
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receptor mediated transport. 

4. To control/sustain drug release and protect the drugs from enzymatic or 

atmospheric degradation ensuring its stability.  

5. Scale-up and manufacturing should be cost effective and commercially viable. 

Nano-carriers due to their sub-micron size and surface modifications can escape the RES 

uptake resulting in prolonged systemic drug circulation and enabling better exposure to 

the brain via passive delivery and/or active targeting. Surface modifications of drug-

loaded nanoparticle with selective ligands can result in shipping of the nano-carriers via 

carrier-mediated, receptor mediated and/or adsorptive mediated transport resulting in a 

‘Trojan-horse’ effect [55]. The various approaches for active targeting of nanoparticles 

conjugated with ligands for delivery of drugs across BBB are listed as follows [63, 64]: 

• Use of endogenous molecules such as Glucose, transferrin, folates, 

apolipoproteins for targeting glucose (GLUT), transferrin (Tfr) and folate (FR), 

low-density lipoprotein (LDL) receptors respectively. 

• Use of monoclonal antibodies such as OX26 for targeting Tfr receptors. 

• Use of cell penetrating peptides such as transactivator of transcription (TAT). 

Polymeric nanoparticles, liposomes, nano/micro emulsions, lipid nanoparticles are the 

various nano-carrier systems used for delivering drugs to the brain. Of all the nano-carrier 

systems, lipid nanoparticles mainly solid lipid nanoparticles (SLN) and nano-structured 

lipid carriers (NLC) are currently gathering wide importance. This is mainly because they 

combine the advantages of conventional nano-carriers like polymeric nanoparticles and 



	

	
	

21	

liposomes, namely sustained drug release, protection of drug from degradation, ease of 

surface modifications and an ability to form particles in nanometer range. At the same 

time these lipid nanoparticles do not face limitations like toxicity issues related to 

polymer degradation, difficulties in scale-up and drug leakage associated with liposomes, 

etc [65]. 

1.4.2. Solid lipid nanoparticles (SLN) 
Solid lipid nanoparticles (SLNs) are produced by replacing the entire liquid lipid (oil) in 

an emulsion with a solid lipid or a blend of solid lipids. The lipid matrix of SLNs is solid 

at body temperature. SLNs are composed of 0.1-30 % (w/w) solid lipid dispersed in an 

aqueous medium [66]. 

The loading capacity of the drugs in the lipid matrix of SLNs is dependent on drug 

solubility and/or miscibility in lipid melt, physico-chemical properties of lipids and 

polymorphic state of lipids [67]. The aforementioned factors influence the incorporation 

of drugs in the lipid matrix and, the SLNs can be divided into three types as depicted in 

Figure 9:  

1. Solid solution model: The solid solution type SLN consists of drug 

homogeneously distributed in the lipid matrix without any use of surfactants or 

solubilizers mainly due to strong interaction between the drug and the lipid. This 

type of SLN is mainly obtained using cold homogenization technique. 

2. Drug enriched core model: The drug enriched core type SLN is formed when 

the concentration of drug is close to its the saturation solubility in lipid during 



	

	
	

22	

processing at high temperatures. On cooling after processing at high temperature, 

there is super-saturation of drug in the lipid melt resulting in drug crystallization 

before lipid crystallization. On further cooling, there is recrystallization of melted 

lipid that surrounds the already crystalized drug core. Thus, a drug enriched core 

surrounded by lipid membrane is formed   

3. Drug enriched shell model: The drug enriched shell type SLN is formed when 

the concentration of drug is below its saturation solubility in the lipid matrix. This 

results in partitioning of drug in the water phase during processing at high 

temperature and repartitioning back in the lipid phase as the temperature 

decreases. On cooling after processing at high temperature, the lipid melt first 

begins to recrystallize while the drug is still present in the water phase. As the 

temperature further drops, the drug begins to repartition in the already 

recrystallized lipid matrix shell and deposits on the outer surface of the lipid shell. 

The drug incorporation models influence the drug release profiles from SLN. The solid 

solution model demonstrates a prolonged drug release over a period of several weeks, 

since the movement of molecularly dispersed drug is limited. In the drug enriched core 

model, the drug release is dependent on the diffusional distance between drug core and 

lipid shell and is thus governed by Fick’s law of diffusion resulting in sustained drug 

release. For the drug shell enriched model, the localization of drug in outer shell results in 

initial fast burst release profile while the later part of release profile will be governed by 

factors such as particle size and surface area, diffusion coefficient of drug, matrix 
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viscosity and diffusion distance of drug from core to shell [68, 69]. 

 

 

 

 

 

 

 

Figure 9: Drug incorporation models in SLN [67] 
 

Drug loaded SLNs are widely used for enhancing brain exposure using the following 

approaches: 

1. Protecting the drug from biological degradation and increasing systemic drug 

bioavailability especially for drugs which easily permeate across BBB and, 

2. Increasing permeability across the BBB for drugs, which inherently have 

moderate to poor permeation properties.    

Few studies using SLNs for enhancing drug delivery across BBB especially via 

intravenous route are summarized in Table 3 [70-75]. 

Although the SLNs offer wide variety of advantages over the conventional nano-carrier 

delivery systems, the SLNs have some inherent shortcomings, which limits its utility. The 

low drug loading capacity and polymorphic lipid transitions leading to poor storage 
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stability are the prominent disadvantages of SLNs [76]. The SLNs are predominantly 

prepared from a single solid lipid or blend of chemically identical solid lipids Table 5. 

 

Drug 

 

Solid Lipid 

 

Method of 

preparation 

NLC properties 

PS (nm), ZP (mV), EE (%) 

Camptothecin Stearic acid Ultrasonication 196.8 nm, -45.2 mV, 99.6 % 

Noscapine Stearic acid Microemulsion 

Non-stealth: 61.3, -35.1 mV, 

80.4% 

Stealth: 80.5 nm, -42.4 mV, 83.6 % 

Clozapine 

Trimyristin, 

tripalmitin, 

tristearin 

Ultrasonication 

96.7 to163.3 nm,  

21.3 to 33.2 mV,  

96.5 to 98.8%  

Quercetin Compritol Ultrasonication 159 nm, 21.05 mV, 85.7 % 

Doxorubicin Stearic acid Microemulsion 
Non-stealth: 80 nm, -11 mV 

Stealth: 90 nm, -33 mV 

Riluzole 
Compritol 

888 ATO 
Microemulsion 88 nm, -45.8 mV 

 

Table 3: List of drug loaded SLNs intended for intravenous delivery for brain targeting 
[70-75] 
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Figure 10: Relationship between thermodynamic stability, drug loading and crystal 
structure [77] 

	

During production of SLNs the lipid melt needs to be cooled rapidly under controlled 

conditions to form solidified lipid matrix that aids in sustaining the release of the drug in 

vivo.  However, the lipid matrix solidifies in a specific crystalline form and undergoes 

polymorphic transition during storage [78]. The crystal structure of lipid matrix and its 

consequent polymorphic transitions are strongly correlated to the thermodynamic 

stability and drug incorporation efficiency (Figure 10). The crystallinity and 

polymorphic transitions are affected by method of SLN preparation, type and amount of 

lipid, drug and surfactant used, particle size of SLNs, etc [77]. The melted lipids on 
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cooling assume specific configurations resulting in formation of α, β′, and β crystals with 

hexagonal, orthorhombic, and triclinic unit structures, respectively. The thermodynamic 

stability and the degree of order for crystal lattice structures is α<β′<β. On cooling, the 

SLNs assume either a α or β′ configuration wherein the drug loading is high but 

thermodynamic stability is low. On storage a more thermodynamically stable 

polymorphic form β is achieved and the highly ordered crystal lattice assumes a ‘brick-

walled’ structure failing to accommodate the drug species resulting in the expulsion of 

drug from the SLN matrix on storage (Figure 11). The particle shape of the SLN also 

changes from spherical (α state) to needle like structures (β state) having high surface 

area, which the surfactant cannot stabilize resulting in flocculation of SLN dispersion 

[79].  

 

Figure 11: Schematic representation of lipid polymorphic changes in SLN [80] 
 

1.4.3. Nano-structured lipid carriers (NLC) 
Nanostructured lipid carriers (NLCs) are second generation of lipid nanoparticles 

introduced to overcome the limitations of SLNs with regards to low drug payload and 

short storage stability. Bunje et al previously observed the SLNs prepared from binary 
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solid lipid blends had less ordered crystal structures and demonstrated slower 

polymorphic transitions after cooling compared to SLNs prepared from single solid lipid 

[78]. Thus in order to create lipid nanoparticles with slow polymorphic transitions 

spatially dissimilar lipids with suitable miscibility properties are needed. NLCs are 

produced by blending of solid lipids with liquid lipids (oils). Although a melting point 

depression is observed on mixing solid and liquid lipids, the lipid blends are still 

maintained in a solid state at body temperature by preferably mixing solid and liquid lipid 

in ratios ranging from 70:30 to 99.9:0.1. NLCs possess a high capacity to accommodate 

solid lipids (~ 95 %) dispersed in aqueous medium [66]. The 3 different structural types 

of NLCs are depicted in Figure 12: [81, 82]  

1. The imperfect type: It is observed that larger distances between fatty acid chains 

in lipids results in bigger the holes or spaces in the lipid crystal lattice for 

achieving higher drug loading capacity. Thus, instead of using solid lipids with 

longer carbon chain lengths or blends of saturated and unsaturated solid lipids; 

spatially different liquid lipids can be mixed with solid lipids to form 

imperfections in the crystal structure in order to accommodate a higher drug 

payload. 

2. The amorphous type: Polymorphic transitions of solid lipid form amorphous to 

crystalline state leads to expulsion of drug from SLN during storage. Thus, 

mixing of solid lipids with liquid lipids such as 

hydroxyoctacosanylhydroxystearate, isopropyl myristate or medium chain 
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triglycerides, will result in formation of lipid matrix solidifying on cooling into 

amorphous state. The lipid matrix possesses less mobility and does not revert 

back into crystalline state.  

3. The multiple type: This type of NLC is similar to a multiple emulsion system 

consisting of oil droplets-in-lipid matrix-in-aqueous dispersion. The liquid lipid is 

selected so as to have higher drug solubility compared to solid lipid. A high 

amount of liquid lipid is used to super-saturate the solid lipid. On cooling, the 

liquid lipid precipitates as tiny oil droplets resulting in oily nano-compartments 

dispersed in solid lipid matrix. Thus, the incorporation of different blends of solid 

and liquid lipids results in formation of specific crystal lattice structures capable 

of increasing drug encapsulation and preventing drug expulsion during storage 

 

 

 

 

 

 

 

Figure 12: Structural types of NLC [80] 
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The NLCs have ability of incorporating higher lipid content (up to 98 %) compared to 

SLN (up to 30 %). Even with lower lipid content, the SLNs have lower storage stability 

than NLCs with higher lipid content. The low concentrated lipid particles in SLNs 

possess high diffusional energy resulting in collision and formation of aggregates during 

storage as well in vivo. Contrarily, the high concentrated lipid particles in NLCs are 

arranged in pearl like network resulting in low diffusion energy and collision thus 

preventing formation of aggregates and high storage stability (Figure 13). After in vivo 

administration, this network can easily breakdown resulting in formation of non-

aggregated particles [82]. 

 

 

 

 

 

 

 

 

Figure 13: Stability of SLN and NLC on storage [82] 
 

Unlike SLNs, there have been limited studies (Table 4) reported for exploring the brain 

exposure of drug loaded NLCs via intravenous route [83-87]. 
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Drug 

 

Lipids 

 

Method of 

preparation 

NLC properties 

PS (nm), ZP (mV), 

EE (%) 

Bufadienolides 

 

Solid: Glyceryl 

monostearate 

Liquid: Medium-chain 

triglyceride and oleic acid 

Melt-

emulsification and 

ultrasonication 

 

104.1 nm, −15 to 

−20 mV, 

87.4-95.6 % 

Baicalein Solid: Tripalmitin 

Liquid: Gelucire 

High speed 

homogenization 

and ultrasonication 

100 nm, -50 mV, 

N/A 

Itraconazole Solid: Glyceryl distearate 

Liquid: Diethyl glycol 

monoethyl ether 

 

Hot high-pressure 

homogenization 

313.7 nm, -18.7 mV, 

70.5 % 

Tamibarotene 
 

Solid: Cetyl palmitate  

Liquid: Squalene 

Microemulsion 

 

201.6 nm, 

−20.1 mV,  

94.3% 

Apomorphine Solid: Cetyl palmitate  

Liquid: Squalene 

 

Not Available 

370–430 nm,  

42–50 mV, 

60 % 

 
Table 4: List of drug loaded NLCs intended for intravenous delivery for brain targeting 

[83-87] 
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1.4.4. Production methods and components of SLN and NLC 
There are different approaches used in production of SLN and NLC such as high-pressure 

homogenization, microemulsion technique, solvent emulsification-evaporation, solvent 

diffusion and high-speed homogenization with ultrasonication and each of these 

technique is described as follows:[69, 88] 

• High-pressure homogenization 

The high-pressure homogenization can be processed at high (hot) or low (cold) 

temperatures depending on thermo-labiality and hydrophilicity of the drug. In hot high-

pressure homogenization, the drug is firstly solubilized or dispersed in lipid heated at 

temperatures (5-10°C) above its melting point to which hot aqueous surfactant solution is 

added and mixed using high speed to form pre-emulsion. This hot pre-emulsion is fed to 

high-pressure homogenizer maintained at same temperature for defined number of cycles 

and at optimized pressure. In case of cold high-pressure homogenization, the dug is 

firstly solubilized or dispersed in lipid heated at temperatures (5-10°C) above its melting 

point and is cooled rapidly and milled to form microparticles. The resulting 

microparticles are suspended in cold aqueous surfactant solution and fed to high-pressure 

homogenizer maintained at the same cold temperature for defined number of cycles and 

at optimized pressure.  

• Microemulsion 

The drug is firstly solubilized or dispersed in lipid heated at temperatures (5-10°C) above 

its melting point and then an aqueous solution of surfactant and co-surfactant maintained 
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at same temperature is added to the drug lipid melt to spontaneously form microemulsion. 

This microemulsion is added to cold water using temperature controlled syringe and mild 

agitation resulting in breakdown of oil droplets to form nano-emulsion followed by 

immediate solidification of lipids to yield lipid nanoparticles. 

• Solvent emulsification-evaporation or diffusion 

In this technique, the drug is dissolved in water immiscible organic solvent. An aqueous 

surfactant mixture at room temperature is added to the organic phase resulting in 

formation of nano-emulsion. The removal of the organic solvents using low pressure or 

vacuum results in controlled precipitation of lipid nanoparticles.  

• Solvent diffusion 

Solvent diffusion is combination of microemulsion and solvent emulsification-

evaporation technique and involves use of partially water miscible organic solvents. Both 

the organic solvents and water are saturated with each other to reach thermodynamic 

equilibrium. The lipids are dissolved in water saturated organic solvents and then the 

organic solvent saturated water surfactant solution is added to lipid solution to form 

microemulsion. This microemulsion is then added to excess of water resulting in 

formation of lipid nanoparticles due to partition of lipids from organic droplets to 

continuous aqueous phase. 

• High-speed homogenization with ultrasonication 

The drug is first solubilized or dispersed in lipid heated at temperatures (5-10°C) above 

its melting point to which hot aqueous surfactant solution is added and mixed using high 
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speed to form pre-emulsion. The hot pre-emulsion is then ultrasonicated using a probe 

sonicator at optimum time and amplitude to obtain hot nano-emulsion. The hot nano-

emulsion is then cooled at or below room temperature to obtain lipid nanoparticles. 

The different types of solid lipids, liquid lipids and surfactants used in production of SLN 

and NLC are summarized in Table 5 [76, 80, 89, 90]. These ingredients are recognized as 

GRAS (Generally Recognized As Safe) by the USA FDA. In addition to the 

aforementioned ingredients, coating of SLNs and NLCs with hydrophilic agents helps 

prevent the systemic clearance of the nanoparticles by RES. The hydrophobic surface 

properties of the lipid nanoparticles could result in adsorption of plasma proteins or 

opsonins on their surface resulting in uptake and clearance by RES. The coating of SLNs 

and NLCs by hydrophilic agents like polyethylene glycol (PEG) polymers of different 

molecular weights, form a sterically stabilized shell around the surface of nanoparticles 

preventing its detection and subsequent clearance by the RES [55, 68]. 
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Solid Lipids 

• Glyceryl palmitostearate, Glyceryl monostearate, Glyceryl 

dibehenate, Glyceryl monocaprate, Propylene glycol 

monostearate, Witeposol bases 

• Cetyl palmitate, Beeswax, Carnauba wax 

• Stearic acid, Palmitic acid, Decanoic acid, Behenic acid 

• Tripalmitin, Tricaprin, Trilaurin, Trimyristin, Tristearin, 

Hydrogenated coco-glycerides 

 

 

 

 

 

Liquid Lipids 

• Soybean oil 

• Medium chain triglycerides (MCT)/caprylic- and 

• capric-triglycerides 

• Oleic acid 

• α-tocopherol/vitamin E 

• Corn oil 

• Squalene 

• Lauroyl Polyoxylglycerides 

• Monoacylglycerols 

 

Table 5: List of solid lipids, liquid lipids, surfactants and co-surfactants used in SLN and 
NLC [76, 80, 89, 90] 
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Surfactants/ 

Co-surfactants 

• Polysorbates 

• Poloxamers 

• Sodium cholate, Sodium glycocholate 

• Taurocholic acid and Taurodeoxycholic acid sodium salt 

• Butanol, Butyric acid 

• Lecithin 

• Macrogol-15-hydroxystearate 

• Polyoxiethylene stearate 

• Polyoxyl castor oil 

• Sodium dodecyl sulfate, Sodium deoxycholate  

 

Table 5 (contd.): List of solid lipids, liquid lipids, surfactants and co-surfactants used in 
SLN and NLC [76, 80, 89, 90] 

	
1.5. Design of experiments (DoE) 
Since 2008, ICH has stressed on the paradigm of ‘building in quality by design, rather 

than testing it’ by introducing a systematic Quality by Design (QbD) approach in 

pharmaceutical product development. QbD approach is based on sound science utilizing 

prior knowledge, experimentation and risk assessment to help determine the effects of 

formulation and process parameters on critical product quality attributes creating a design 

space. The design space is an integrated multidimensional region comprising of vital 

formulation and process variables along with their interactions that have demonstrated to 



	

	
	

36	

provide assurance of product quality. A design space is commonly established using a 

design of experiment approach (DoE), which is a structured, organized method for 

determining the relationship between factors affecting a process and the output of that 

process [91]. Building an experimental design involves the use of statistical modeling to 

provide maximum information with minimal number of experiments and provide 

simultaneous multivariate analysis along with its interactions [92]. Response surface 

methodology (RSM) is a type of experimental design involving use of statistical and 

mathematical techniques for developing, improving, and optimizing processes [93]. RSM 

is used to determine the optimal conditions that are derived from response surfaces build 

using results from the design matrix for the most important factors. Central composite 

design (CCD) commonly involves the use of RSM. CCDs are factorial or fractional 

factorial designs with center points and supplemented by a group of axial points (star 

points) for estimating response surface curvature (Figure 14). 

 

 

 

 

 
 
 
 
 
 
Figure 14: Graphical representation of central composite design 
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1.6. Scope of research 
Firstly, the solubility of LAZ is limited by pH with maximum solubility of 2 mg/mL at 

pH 3.0 using buffered citrate solution. The intravenous use of LAZ citrate solution results 

in pain and irritability at site of injection and also limits the potential of high dose bolus 

administration [94]. Secondly, in clinical trials, lazaroid (tirilazad mesylate) dissolved in 

citrate buffer solution was administered as intravenous infusion to patients. These clinical 

trials were unsuccessful resulting in insignificant improvement in patient survival 

compared to control [33]. The failure of the clinical trials could be attributed to high 

hepatic clearance, susceptibility to metabolism and efflux transporters of lazaroid 

resulting in its poor brain exposure. Finally, Ciuffi et.al., had advocated the importance 

of using lazaroid as a retard formulation (solution in 1% PEG 4000) instead of a buffered 

solution, helping lower lazaroid systemic clearance and increasing its brain levels for 

achieving therapeutic lipid peroxidation inhibition [95].  

Thus taking lessons from previously reported observations, formulating LAZ into nano-

carriers especially NLC would help to provide protection for LAZ from hepatic exposure, 

enabling prolonged systemic circulation and higher exposure of LAZ in the brain. The 

NLCs is the ideal choice of nano-carrier not only because of properties such as sustained 

and targeted drug release, nano-size, ease of surface modifications and better in vivo 

safety profile; but mainly due to their superior physiological and storage stability as well 

as higher drug loading compared to polymeric nanoparticles, liposomes, emulsions and 

SLNs. NLCs are predominantly used for topical and oral administration and are not 
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extensively explored for intravenous administration especially for delivery to the brain 

(Table 4). Also, during the development of NLCs using DoE approach factors such as 

surfactant, drug to lipid ratio and process parameters like ultrasonication or 

homogenization cycles are commonly investigated [96-98]. The effect of surface 

modifiers like PEG on formulation properties like particle size, zeta potential ad 

encapsulation efficiency have not been widely studied. The development of PEGylated 

LAZ-NLCs is reported for the first time for intravenous delivery in enhancing LAZ 

delivery to the brain and reducing its hepatic exposure for potential application in 

treatment in glioblastoma.  
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Chapter 2: Objectives and Specific Aims 

2.1. Hypotheses 
Our first hypothesis is ‘lazaroid U74389-G loaded NLCs developed using design of 

experiments approach will increase the brain exposure and reduce the liver uptake of 

lazaroid U74389-G.’ 

Our second hypothesis is ‘the developed lazaroid U74389-G loaded NLCs will show a 

non-linear increase in brain levels of lazaroid U74389-G with increase in dose.’ 

2.2. Objective 
The objective of our research was to evaluate the utility of lazaroid loaded NLCs 

optimized using a systematic and rational approach for enhanced brain exposure as well 

as estimate the dose-proportionality of optimal lazaroid loaded NLCs in the brain. The 

rationale behind our approach was based on methodical use of minimal experimental runs 

to engineer NLCs with optimal surface properties capable of altering the bio-distribution 

of lazaroid for preferential accumulation in the brain. 

2.3. Specific aims 
In order to achieve our objective, we proposed three specific aims as follows: 

2.3.1. Specific aim 1 
Development, optimization and in-vitro characterization of lazaroid loaded NLCs 

a. To develop and optimize the composition of lazaroid NLCs using 2-factor 5-level 

central composite design. 
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b. To characterize in vitro physcio-chemical properties of optimal lazaroid loaded 

NLCs such as morphology (TEM), physical state and crystallinity (DSC and 

XRD), in vitro hemolytic potential and storage stability. 

2.3.2. Specific aim 2 
Development and validation of UPLC-MS/MS for quantification of lazaroid in bio-

matrices 

a. To develop a sensitive method for analytical quantification of lazaroid in plasma, 

brain, liver and lungs using UPLC-MS/MS. 

b. To validate the developed UPLC-MS/MS using US-FDA guidelines for bio-

analytical validation. 

2.3.3.Specific aim 3  
Evaluation of pharmacokinetics and bio-distribution of lazaroid formulations in 

Sprague-Dawley rat model 

a. To characterize the plasma pharmacokinetics of lazaroid citrate solution, lazaroid 

co-solvent and optimal lazaroid loaded NLCs in Sprague-Dawley rats. 

b. To characterize the brain, liver and lung bio-distribution of lazaroid citrate 

solution, lazaroid co-solvent and optimal lazaroid loaded NLCs in Sprague-

Dawley rats. 

c. To characterize the dose linearity of optimal lazaroid loaded NLCs in brain of 

Sprague-Dawley rats. 
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Chapter 3: Materials and Methods 

3.1. Materials 
3.1.1. Chemicals and Reagents 

• Lazaroid U74389G (LAZ) was purchased from Enzo Life Sciences Inc (Farmingdale, 

NY, USA).  

• Daidzein, used as internal standard (IS) in LC/MS was purchased from LC 

Laboratories (Woburn, MA, USA).  

• 17-α-methyl testosterone used as internal standard in HPLC was purchased from 

Sigma Aldrich (St. Louis, MO, USA). 

• Glyceryl behenate (Compritol 888 ATO), PEG-8 caprylic/capric glyceride (Labrasol), 

medium chain triglyceride (LabrafacTM Lipophile WL 1349) and glyceryl mono-

oleate (Pecol) were purchased from Gattefosse (Saint-Priest Cedex, France).  

• Trimyrsitin (Dynasan 114) and tristearin (Dynasan 118) were purchased from Cremer 

Oleo Division (Witten, Germany).  

• Safflower and flaxseed oil were purchased from Jedwards International, Inc. 

(Braintree, MA, USA).  

• Oleic acid was purchased from Sigma Aldrich (St. Louis, MO, USA).  

• Soybean oil and polysorbate 80 were purchased from PCCA (Houston, TX, USA).  

• mPEG-DSPE, MW: 2000 (DSPE-PEG 2k) was purchased from Nanocs (Boston, MA, 

USA). 

•  Tetra-ethyl ammonium acetate was purchased from Acros Organics (NJ, USA). 



	

	
	

42	

• Propylene glycol was purchased from J. T. Baker Chemical Co. (Phillipsburg, NJ, 

USA) for LAZ co-solvent. 

• Amicon Ultra-4 centrifugal filters MWCO: 10,000 were purchased from Merck 

Milipore (Cork, Ireland) for determining encapsulation efficiency.  

• Male Sprague Dawley rats (250–300 g) with jugular vein cannula were purchased 

from Harlan (Indianapolis, IN, USA).  

• Pooled male Sprague-Dawley rat and human plasma were purchased from Equitech-

Bio, Inc. (Kerrville, TX, USA) 

• Fresh heparinized blood and individual rat plasma from male Sprague-Dawley rats 

were purchased from BioChemMed Services (Winchester, VA, USA) 

• Methanol, acetonitrile and water were purchased from EMD Millipore (Billerica, 

MA, USA) and were LC/MS grade. 

• Formic acid (� 98% for mass spectroscopy) was purchased from Fluka Analytical (St. 

Louis, MO, USA). 

• Heparin sodium salt from porcine intestinal mucosa from EMD Millipore (Billerica, 

MA, USA) for heparinizing centrifuge tubes used in pharmacokinetic study. 

• Citrate buffer (pH 3.0): 42 mg citric acid monohydrate (Sigma Aldrich, St. Louis, 

MO, USA), 9.4 mg sodium citrate dihydrate (EMD Millipore, Billerica, MA, USA), 

90 mg NaCl (Acros Organics, Waltham, MA, USA) dissolved in 10 mL distilled 

water as a vehicle for dissolving LAZ. 
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• Phosphate-buffered saline (pH 7.4): 0.8gm sodium chloride, 0.02 gm KCl (Sigma 

Aldrich, St. Louis, MO, USA), 0.144 gm Na2HPO4 (MCB Reagents, Cincinnati, OH, 

USA), 0.024 gm KH2PO4 (BDH chemicals, Radnor, PA, USA) dissolved in 100 mL 

distilled water as release medium for in vitro release study. 

•  Glacial Acetic acid purchased from EMD Millipore (Billerica, MA, USA). 

3.1.2. Supplies 

• Centrifuge tubes, 1.7 mL Ultraclear microtubes, RNase, DNase and pyrogen free 

from Phenix Research Products (Candler, NC, USA). 

• 5cc and 1cc syringes from BD Medical (Franklin Lakes, NJ, USA) for 

pharmacokinetic study. 

• 10, 200 and 1000 pipette tips purchased from VWR (Radnor, PA, USA). 

• Spectra/Por Dialysis membrane MWCO: 6000-8000 purchased from Spectrum Labs 

(Rancho Dominguez, CA, USA) for in vitro release study. 

• Polystyrene cuvettes purchased from Sarstedt, Germany for particle size and zeta 

potential measurement. 

3.1.3. Equipments, Apparatus and Software 

• HPLC apparatus consisted of Waters Model 515 pump, Waters Model 717 plus auto-

sampler and Waters Model 2996 photodiode array detector (Waters, Milford, MA, 

USA). 

• QTRAP 5500 System (AB SCIEX, Framingham, MA, USA) coupled with Waters 

ACQUITY UPLC H-Class system (Waters, Milford, MA, USA). 
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• XTerra C18 column, 4.6 x 150 mm i.d., 5 µm (Waters, Milford, MA, USA) 

• ACQUITY UPLC BEH C18 column, 2.1 × 50 mm, 300A, 1.7 µm (Waters, Milford, 

MA, USA) 

• Buchi R200 rotary evaporator (Flawil, Switzerland)  

• ZetaPALS for particle size and zeta potential analysis (Brokhaven Instrument 

Corporation, Holltsville, NY, USA) 

• Design-Expert software Version 9.0 (Minneapolis, MN, USA) 

• Transmission electron microscope H7500 (Hitachi, Japan) 

• DSC 60A Plus (Shimadzu Corporation, Japan) 

• Rigaku Smartlab X-ray Diffractometer (The Woodlands, TX, USA) 

• Plasma pharmacokinetic parameters were derived using Phoenix NLME software 

(Princeton, NJ, USA). 

• Power model for dose linearity was derived from Phoenix WinNonlin WNL5 Classic 

Linear Modeling (Princeton, NJ, USA). 

• GraphPad Prism Version 6.0 (La Jolla, CA, USA).  

• SAS 9.3 software (Cary, NC, USA) 
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3.2. Methods 

3.2.1. HPLC Assay for LAZ 
3.2.1.1. Chromatographic Conditions 
The HPLC apparatus consisted of Waters Model 515 pump, Waters Model 717 plus auto-

sampler and Waters Model 2996 photodiode array detector. The chromatographic 

separation of LAZ and internal standard methyl testosterone (MTS) was achieved using 

C18 column (XTerra®, 5 µm, 150 x 4.6 mm i.d.) at room temperature. The mobile phase 

consisted of acetonitrile: 22mM tetraethyl ammonium acetate 70:30 (% v/v) at pH 

adjusted to 6.8 using glacial acetic aicd. The flow rate was 1.0 ml/min with injection 

volume of 10 µL and LAZ detection was measured at 254 nm. The HPLC assay for LAZ 

was used in the in vitro characterization of LAZ loaded NLCs (LAZ-NLCs). 

3.2.1.2. Preparation of Aqueous Calibration Curve and Quality Control Standards  
The linear range of calibration curve was established at 1-100 µg/mL. Standard stock 

solution of LAZ was prepared in acetonitrile at the concentration of 1 mg/mL. Standard 

stock solution of MTS was prepared in methanol at the concentration of 1 mg/mL. The 

calibration curve was prepared by diluting different volumes of the standard stock 

solution of LAZ with acetonitrile to yield final concentrations of 100, 50, 10, 5, 2.5, 1 

µg/mL. The standard stock solution of MTS was diluted 10 times with acetonitrile to 

yield working stock solution of 100 µg/mL. Each calibration curve standards were spiked 

with 10 µL of 100 µg/mL MTS solution. Three levels of aqueous quality control (QC) 

samples low, medium and high (4, 40 and 80 µg/mL) were prepared in a manner similar 
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to the calibration standard. Linearity, selectivity, accuracy and precision were used to 

validate the HPLC method. Selectivity of the analytical method was tested at the lowest 

limit of quantification (LLOQ) of 1 µg/mL where LAZ signal to noise ratio was ≥10 

when compared with blank acetonitrile solution. The accuracy and precision of the 

analytical method were tested at the three sets of the QC samples (low, medium and 

high). Accuracy was expressed as percentage (Equation 2) while precision was 

expressed as percent coefficient of variation (% CV) (Equation 3) 

Equation 2 
!!""#$%"&!(%) = !"#$%&$'!!"#!$#%&'%("#

!ℎ!"#!$%&'(!!"#!$#%&'%("# !×!100!  

Equation 3 
!"#$%&%'(!(%!!") = !"#$%#&%!!"#$%&$'(

!"#$ !×!100!
 

Accuracy and precision were performed using three replicates of three sets of QC 

standards each on the same day for intra-day validation and on two consecutive days for 

inter-day validation.  

3.2.2. Selection of Lipids 
3.2.2.1. Selection of Liquid Lipid (Oil) 
The oil component of NLC was selected by evaluating the saturation solubility of LAZ in 

different oils. An excess amount of LAZ was added to 0.5 mL of the oil and was shaken 

in a temperature controlled water bath (37°C) at 50 rpm for 40 hours. LAZ was found to 

be stable (> 90 %) at this experimental condition. The oil and LAZ mixtures were 

centrifuged at 17,968 x g for 20 minutes. The supernatant was diluted with 50:50 (% v/v) 
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mixtures of methanol and chloroform, and analyzed using validated HPLC method 

described in Section 3.2.1. 

3.2.2.2 Selection of Solid Lipid 
There is no direct method to determine the solubility of LAZ in solid lipids. The main 

role of solid lipid component of NLC is to ensure the maximum drug solubilization 

followed by sustained drug release over a period of time. The solubility of LAZ in 

various solid lipids trimyrsitin (TM), tristearin (TS) and glyceryl behenate (GB) was 

estimated semi-quantitatively by assessing the melting point transition of LAZ mixed 

with solid lipids in ratio of 1:5 (% w/w), using differential scanning calorimetric (DSC) 

analysis [99]. The conditions for DSC analysis are described in Section 3.2.5.4. 

Furthermore, LAZ loaded SLNs (LAZ-SLNs) were prepared using the three 

aforementioned lipids in a similar manner as in Section 3.2.3. The in vitro release 

profiles of the LAZ loaded SLN incubated in plasma were measured (N=3: Mean ± SD). 

The procedure for in vitro release study is described in Appendix 1.1. The solid lipid was 

selected based on the results of DSC analysis, and the percent cumulative LAZ release 

from the prepared SLNs.  

3.2.3. Preparation of LAZ-NLC and LAZ-SLN 
LAZ-NLCs and LAZ-SLNs were prepared using a simple stirring and ultra-sonication 

method as previously described [100] with some modifications (Figure 15). In case of 

SLNs the lipid phase consisting of LAZ (20 mg), lecithin (100 mg) and solid lipids (200 

mg) and for NLCs the lipid phase consisting of LAZ (20 mg), lecithin (100 mg), and as 
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per the CCD varying amounts of liquid lipid, solid lipid and DSPE-PEG 2k (200 mg). 

The lipid matrix was dissolved in 2 mL mixture of methanol and chloroform 50:50 (% 

v/v). The organic solvents were removed completely under reduced pressure using Buchi 

R200 rotary evaporator (Flawil, Switzerland).   

 

 

 

 

 

 

 

 
 

 
 
 
 

Figure 15: Schematic outline for preparation of SLNs and NLCs using ultrasonication 
	
	
The LAZ containing lipid matrix was heated at 75°C. The aqueous phase containing 

Polysorbate 80 (100 mg) dissolved in 10 mL double distilled water was also heated at 

75°C and added drop-wise with stirring to the drug loaded lipid melt. The resulting 

coarse oil in water emulsion was ultra-sonicated using ultra-sonic processor Q500 

(Qsonica, Newton, CT, USA) for 1 minute at 30% amplitude to obtain hot nano-
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emulsion. The SLNs or NLCs were obtained by cooling the hot nano-emulsion in a water 

bath (25°C) with stirring at 500 rpm for 5 minutes. The non-encapsulated LAZ was 

separated from SLNs or NLCs using ultra-filtration technique discussed in Section 

3.2.5.2.  

3.2.4. Central Composite Design 
A full factorial central composite design was used to determine the influence of NLC 

composition on its physico-chemical properties. Design-Expert software Version 9.0 

(Stat-Ease, Inc., Minneapolis, MN) was used to generate the CCD matrix and the 

response surfaces plots and also provide statistical analyses. After preliminary 

experiments, the amount of DSPE-PEG 2k and % liquid lipid were chosen as the two 

independent factors whose effects were tested at five levels coded as -α, -1, 0, +1, +α. 

The value of α (distance between center and axial points) 1.414 and was chosen to ensure 

that the model is orthogonally blocked and is rotatable. Orthogonal blocks helps to 

independently estimate the model terms and block effects independently minimizing 

variation, whereas rotatibility helps to provide constant prediction variance at all points 

from the center. The physico-chemical properties of LAZ-NLC such as particle size, zeta 

potential and encapsulation efficiency were tested as three dependent response variables. 

The design consisted of two-level (-1 and +1) four factorial points, six center points 

augmented with two-level (-α and +α) four axial points resulting in merely 14 

experimental runs to construct the CCD matrix. 
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3.2.5. Physico-chemical Characterization 
3.2.5.1. Particle Size and Zeta Potential Analysis 
The mean particle size with polydispersity index and zeta potential of the LAZ-NLCs 

were measured using dynamic light scattering (DLS) and phase analysis light scattering, 

respectively (ZetaPALS, Brokhaven Instrument Corporation, Holltsville, NY). The NLC 

formulations were diluted 100-fold with distilled water before the measurements. The 

measurements for particle size, polydispersity index and zeta potential for each sample 

was carried in triplicates and reported as mean values.  

3.2.5.2. Entrapment Efficiency 
The entrapment efficiency (EE) was measured using ultra-filtration technique where the 

non-encapsulated free LAZ in the NLC was measured. The LAZ-NLCs (1 mL) were 

placed in the Amicon Ultra-4 filtration unit with molecular weight cut-off of 10,000 Da 

and centrifuged for 30 minutes at 3500 rpm at 4°C. The LAZ entrapped in the NLCs were 

collected in the filtration unit and the filtrate containing free LAZ was collected at the 

bottom of the filtration unit. The filtrate was analyzed by HPLC method described in 

Section 3.2.1. The EE was calculated using the following equation: 

Equation 4 
!!! % = !!"#$%!!"!!"#!!""#"!!"!!"#!– !!"#$%!!"!!"##!!"#!"#$%&!!"!!"#!!""#"!!"!!"#! !×!100!

 

In order to determine the concentration of LAZ-NLCs collected in filtration unit 

separated from the non-encapsulated LAZ, acetonitrile was used to precipitate the lipid 

matrix and extract LAZ. The mixture was centrifuged for 20 minutes at 17,968 x g and 
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the concentration of the supernatant was analyzed using the HPLC method to quantify the 

entrapped LAZ and also confirm the mass balance. 

3.2.5.3. Morphological Assessment 
Transmission electron microscope H7500 (Hitachi, Japan) was used to determine the 

surface morphology of the optimal LAZ-NLC. The optimal LAZ-NLCs were diluted with 

deionized water and a drop was placed on carbon grid. Staining was carried out using 2 

% uranyl acetate followed by the fixation with 1 % osmium tetroxide.  

3.2.5.4. Differential Scanning Calorimetry 
Differential scanning calorimetry (DSC) analysis was performed to study the physical 

state and thermal properties of individual components such as LAZ, GB, and DSPE-PEG 

2k, as well as of optimal LAZ-NLC. Furthermore, DSC analysis was used to qualitatively 

estimate the solubility of LAZ in different solid lipids. The thermal analysis was 

performed using DSC 60A Plus (Shimadzu Corporation, Japan). Samples were sealed in 

standard aluminum pans with lids and heated from 25 to 200°C under nitrogen purge (50 

mL/min) with the heating rate of 10°C/min. 

3.2.5.5. X-ray Diffraction Analysis 
The X-ray diffraction (XRD) analysis was used to determine the degree of crystallinity of 

LAZ in the optimal NLC. The XRD patterns for LAZ, GB and optimal LAZ-NLC were 

obtained using Rigaku Smartlab X-ray Diffractometer (The Woodlands, TX, USA). The 

samples were scanned using CuKα radiation, over 2θ range from 5-50° with the operating 

voltage of 40 kV and current of 44 mA. 
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3.2.5.6. Hemolytic Potential of Optimal LAZ-NLC 
The hemolytic potential of the optimal LAZ-NLC was determined using fresh 

heparinized blood from male Sprague-Dawley rats (BioChemMed Services, Winchester, 

VA) using a previously established protocol in our lab [101]. The water to blood ratio 

causing complete hemolysis and resulting in insignificant absorbance at 540 nm was 

selected as 1:9 (Solution A). A series of standard solutions (1 mL) were prepared by 

mixing varying proportions of solution A with fresh heparinized rat blood to yield 

healthy cells in range of 0 to 100 %. The mixture of solution A and blood were vortexed 

for 10 seconds, incubated for 2 minutes and centrifuged at 1,000 x g for 5 minutes. The 

supernatant was discarded and 5 mL normal saline was added to the intact cells pellet to 

stop the hemolysis. The healthy cells in the pellet were lysed by the addition of 1 mL 

distilled water. The resulting mixture was centrifuged at 1,000 x g for 5 minutes and the 

supernatant was diluted 1:9 with distilled water and absorbance was measured at 540 nm. 

The hemolytic potential of the optimal LAZ-NLC was evaluated by mixing fresh 

heparinized rat blood with the formulations at ratios of 0.0375, 0.3, 0.5, 1, 2 and 3. 

Formulation and blood mixture was processed in the aforementioned manner, followed 

by measuring the absorbance at 540 nm. The hemolytic potential was determined by 

plotting percent healthy cells versus formulation to blood ratio. 



	

	
	

53	

3.2.5.7. Stability Evaluations 
The optimal LAZ-NLC was stored at 4°C and the storage stability was evaluated by 

measuring the changes in particle size, zeta potential and encapsulation efficiency at 

different time points over a period of 3 months. 

3.2.6. UPLC-MS/MS Assay of LAZ in Bio-matrices  
3.2.6.1. Chromatographic and Spectrometric Conditions 
Chromatographic separation of LAZ and IS was achieved by using ACQUITY UPLC 

BEH C18 column (2.1 mm × 50 mm, 300˚A, 1.7 µm, Waters, Milford, MA, USA) on 

Waters ACQUITY UPLC H-Class system. The mobile phase comprised of 0.1 % v/v 

formic acid in water (A) and 0.1 % v/v formic acid in acetonitrile (B) and a gradient 

elution was employed with 95 % A (0-0.5 mins), 95-80 % A (0.5-2 mins), 80-10 % A (2-

3 mins), 10-5 % A (3-3.5 mins), 5-95 % A (3.5-4 mins) and 95 % A (4-4.5 mins) at a 

flow rate of 0.45 mL/min. The column temperature was maintained at 45°C. The total run 

time for a single injection was 4.5 minutes. The injection volume was 10 µl. LAZ and 

internal standard daidzein (DIA) were detected by electrospray ionization (ESI) using 

multiple reaction monitoring (MRM) in a positive mode on QTRAP 5500 System (AB 

SCIEX, Framingham, MA, USA). The optimal MRM transitions for precursor ion to 

specific product ion [M+H]+ for LAZ (m/z 612 à 260) and DIA (m/z 255 à 199) were 

selected. The compound dependent parameters for LAZ and DIA were optimized with 

declustering potential (DP) at 61 V and 76 V, entrance potential (EP) at 10 V, collision 

energy (CE) at 79 V and 39 V and collision cell exit potential (CXP) at 18 V and 16 V, 

respectively. The instrument dependent parameters such as curtain gas, collision gas, 
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ionspray voltage, temperature and ion source gas 1 were optimized to 20 psig, medium, 

5500 V, 500 °C and 20 psig, respectively. Analyst®1.5.2 software was used to acquire, 

analyze and process the data. 

3.2.6.2. Preparation of Calibration and Quality Control (QC) Samples 
Standard stock solution of LAZ was prepared in acetonitrile at the concentration of 1 

mg/mL. Standard stock solution of DIA was prepared in a mixture of DMSO and 

methanol (1:4 v/v) at the concentration of 2.54 mg/mL.  The working solutions for 

calibration curve were prepared in acetonitrile by a serial dilution. The plasma or tissue 

homogenate samples for the calibration curve were prepared by spiking 10 µL of working 

solution in 100 µL of blank rat plasma or blank rat tissue homogenates to yield final 

concentrations of 250, 125, 62.5, 31.25, 15.63, 7.81, 3.91, and 1.95 ng/mL, respectively. 

The tissue homogenates were prepared by homogenizing tissues in normal saline to form 

a homogenous tissue suspension. The brain tissue and lung tissue samples were entirely 

homogenized in 2.5 mL and 5 mL of normal saline respectively. In case of the liver tissue 

samples, 1.5 gm of the tissue was homogenized in 5 mL normal saline. The tissue 

homogenates were stored at -80°C until further analysis. Three levels of plasma QC 

samples low, medium and high (5, 50 and 200 ng/mL) and two levels of tissue 

homogenate QC samples low and high (5, and 200 ng/mL) were prepared in a similar 

manner as previously described. The calibration curve and QC samples were prepared 

from separate stock solutions prepared freshly at the time of experiment. 



	

	
	

55	

3.2.6.3. Sample Preparation 
Acetonitrile was used to precipitate plasma proteins and extract LAZ from the rat plasma 

or tissue homogenates. Standard stock solution of DIA (2.54 mg/mL) was diluted in 

acetonitrile to obtain a final concentration of 1.27 µg/mL. Five hundred µL of acetonitrile 

spiked with DIA was added to plasma or tissue homogenate standards and quality control 

samples. The resulting mixtures were vortexed for 30 seconds, sonicated for 5 minutes 

and centrifuged at 17,968 x g at 4°C for 20 minutes. Five hundred µL of organic 

supernatant was air-dried and the residue was reconstituted with 100 µL of mixture of 0.1 

% formic acid in water and acetonitrile 50:50 (% v/v), then centrifuged at 17,968 x g at 

4°C for 10 minutes. The aliquot of 10 µL of reconstituted sample was injected in UPLC-

MS/MS for LAZ quantification. 

3.2.6.4. Full Method Validation of LAZ in Plasma 
The method validation was performed in compliance with US Food and Drug 

Administration Guidance for Industry: Bio-analytical Method Validation [102]. 

3.2.6.4.1. Linearity, Sensitivity and Selectivity  

The calibration curve in blank rat plasma was obtained by plotting the peak area ratios of 

LAZ and IS against concentrations. The slope, intercept and correlation coefficient for 

the calibration curve were determined using weighted linear regression analysis. 

Sensitivity of the analytical method was tested at the lowest limit of quantification 

(LLOQ) where LAZ signal to noise ratio was ≥ 10 when compared with plasma blank. 

Selectivity of the analytical method for any endogenous substances was tested at LLOQ 
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using six individual non-pooled, analyte free, blank rat plasma samples. Selectivity of the 

analytical method for any endogenous substances was tested at LLOQ using pooled, 

analyte free, blank rat brain, liver and lung homogenates. 

3.2.6.4.2. Accuracy and Precision 

The accuracy and precision of the analytical method were tested at LLOQ with three sets 

of the QC samples (low, medium and high). It was anticipated that the samples from 

initial time points in the pharmacokinetic study would yield LAZ concentration above the 

upper linear range of calibration curve. Thus, very high concentration QC sample (1000 

ng/mL) was prepared which was diluted to yield concentration within the linear range of 

calibration curve and was also tested for the accuracy and precision. Accuracy and 

precision were calculated using Equations 2 and 3. Accuracy and precision for rat 

plasma samples were performed using six replicates of LLOQ, the three sets of QC 

standards and very high concentration QC sample each on same day for intra-day 

variation and on three consecutive days for inter-day variation. Accuracy and precision 

for rat brain, liver and lung tissue homogenate samples were performed using three 

replicates of two sets of QC standards (low and high) each on same day for intra-day 

variation and on two consecutive days for inter-day variation. 

3.2.6.4.3. Recovery and Matrix Effect 

The extraction recovery and matrix effect of LAZ in blank rat plasma were tested at the 

three QC levels. The percentage extraction recovery was calculated by comparing peak 

area ratio of LAZ and DIA spiked in blank rat plasma before and after extraction. The 
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matrix effect was quantitatively determined in terms of percent matrix factor, which was 

calculated by comparing peak area ratio of LAZ and DIA spiked in blank plasma extract 

to that in mixture of 0.1% v/v formic acid in water and acetonitrile 50:50 (% v/v). A 

percent matrix factor with value of 100 % indicates no matrix effect and is often desirable 

but not achievable in a bio-analytical assay. The matrix effect is acceptable when the 

variability in percent matrix factor is within ±15% [103]. 

3.2.6.4.4. Stability 

The stability of LAZ in plasma under different storage and handling conditions was 

evaluated at two QC levels (low and high).  The stability of LAZ in plasma was evaluated 

for short-term bench-top stability (1 hour and 3 hours at 25°C), long-term storage 

stability (-80°C for 1 month), one and three freeze-thaw cycles, and processed sample 

stability in auto-sampler (24 hours at 10°C).  

3.2.6.5. Partial Method Validation of LAZ in Brain, Liver and Lung Bio-matrices 
As per the US-FDA guidelines for bio-analytical validation, partial validation is 

employed in case of already established and validated method. Partial validation is used 

in case of change in matrix between the same species (eg. human plasma to human urine) 

or in case of rare matrices [102]. Partial validation of UPLC/MS-MS assay for 

quantification of LAZ in brain, liver and lung bio-matrices was performed, owing to the 

limited supply of blank organs. The linearity, sensitivity, intra-day and inter-day accuracy 

and precision were performed as a part of partial validation for each of the tissue 

homogenates.  
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3.2.7. In vivo Studies  
3.2.7.1. Pharmacokinetics and Bio-distribution Studies 
The pharmacokinetic and bio-distribution study in rats was performed using the protocol 

approved by University of Houston Institutional Animal Care and Use Committee. The 

male Sprague-Dawley rats (250-300 gm) were randomized into three groups (3-6 animals 

in each group), namely LAZ citrate solution, LAZ co-solvent and LAZ-NLC groups. The 

rats were dosed via bolus intravenous injection through the jugular vein cannula at doses 

of 5 mg/kg for LAZ citrate solution and 15 mg/kg for LAZ co-solvent and LAZ-NLC 

groups. The LAZ citrate solution group consisted of LAZ dissolved in citrate buffer (pH: 

3.0) at concentration of 2 mg/mL.  The LAZ co-solvent group comprised of LAZ 

dissolved in co-solvent solution consisting of propylene glycol and citrate buffer pH: 3.0 

(40:60 % v/v) at a concentration of 8.5 mg/mL. The LAZ-NLC group consisted of 

optimal LAZ-NLC obtained using CCD at a concentration of 5 mg/mL. At pre-

determined time points post dose (0.33, 0.66, 1, 2, 3, 4, 6, and 8 h), blood samples of 200 

µL were withdrawn from each rat and plasma was collected after the centrifugation at 

4°C at 9,168 x g for 10 minutes. The plasma samples were stored at −80°C until analysis 

by the validated UPLC–MS/MS assay. The plasma profile of LAZ was constructed and 

pharmacokinetic parameters were derived using Phoenix NLME software. Additionally, 

at 4, 6 and 8 hour post-dose of the pharmacokinetic study, rats were sacrificed by carbon 

dioxide asphyxiation. The brain, liver and lung tissues were harvested following whole 

body perfusion with normal saline to remove residual blood in the tissues.  The organ 
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tissue homogenization, storage conditions and sample preparation are mentioned in 

Sections 3.2.6.2 and 3.2.6.3. Since a truncated bio-distribution profile of LAZ in the 

brain, liver and lung was obtained, the pharmacokinetic parameters for each of the tissue 

were estimated using Equations 5-7 [104]. The plots of log normal-transformed LAZ 

amounts in the respective tissues versus time (4, 6 and 8 hours) were used to estimate the 

terminal elimination rate constant (λz) using linear regression analysis.  In case of LAZ 

citrate solution, the brain levels of LAZ were quantifiable only at 4 hours. The levels of 

LAZ in brain tissue at 6 and 8 hours were below the LLOQ, but were still detectable and 

were used to estimate the half-life and AUC. 

The terminal elimination half-life (t1/2) of was calculated from λz using Equation 5. 

Equation 5 
λz = !0.693t1/2! !!  

The truncated area under the curve from 4 to 8 hours (AUC4-8hrs) for plasma and tissues 

was calculated using the log-linear trapezoidal rule as stated in Equation 6 where C1 and 

C2 are the concentrations at time t1 and t2. 

Equation 6 
!"#$1− !2 = ! !1− !2

ln !1 − ln !2 !×!!2− !1!
 

 

The tissue to plasma ratio was calculated using Equation 7. 

Equation 7
!"##$% !"#$%# = !

(!"#$1− !2)!"##$%
(!"#$1− !2)!"#$%#!!!   
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3.2.7.2. Dose Linearity Studies 
The male Sprague-Dawley rats (250-300 gm) were randomly divided in three groups  (3 

animals in each group) and were dosed at three different doses, 15, 30 and 60 mg/kg. The 

optimal LAZ-NLC was given via intravenous infusion to rats through the jugular vein 

cannula at rate of 0.75 mL/min at the three different doses. At 20 minutes post dose, the 

rats were sacrificed by carbon dioxide asphyxiation. The brain tissues were harvested 

following whole body perfusion with normal saline to remove residual blood in the 

tissues. The brain tissue homogenization storage conditions and sample preparation are 

mentioned in Sections 3.2.6.2 and 3.2.6.3. The dose linearity was assessed using two 

different approaches namely, analysis of variance (ANOVA) model and power model. In 

both the models, pharmacokinetic (PK) parameters like area under the curve (AUC) and 

maximum concentration (Cmax) are correlated with the administered dose [105, 106]. In 

this study, a correlation between amounts of LAZ in brain at 20 minutes (C20min, brain) (PK 

parameter) with increase in optimal LAZ-NLC dose from 15 to 60 mg/kg was studied.  

In the ANOVA model, statistical tests such as analysis of variance was performed on 

natural log-transformed dose normalized amounts of LAZ in the brain at 20 minutes to 

test the differences in the PK parameter at doses of 15, 30 and 60 mg/kg. Statistical 

significance was indicated by p< 0.05.  

In the power model, the relationship between PK parameter and dose is given as follows: 

Equation 8 !" = !0!×!!"#$!!!  
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On logarithmic transformation, the PK parameter and dose were linearly correlated as 

given by Equation 9. 

Equation 9 ln !" = !0!+ !!1!×!ln!(!"#$)!  

Dose proportionality is obtained when β1 (slope) is 1 and its 90 % confidence interval lies 

within user-defined critical region (1+  , 1+ ). The values for θl and θh are 0.8 

and 1.25, derived from the US-FDA guidance for bioequivalence, while ‘r’ indicates the 

ratio of the highest tested dose to the lowest tested dose.  

A plot of natural log-transformed amount of LAZ in brain at 20 minutes versus the 

natural-log transformed dose was analyzed using weighted linear regression analysis 

(Phoenix WinNonlin WNL5 Classic Linear Modeling) in order to determine the slope β1 

and 90% confidence interval.  

3.2.8. Statistical Analyses 
Statistical analyses were carried using one-way ANOVA with Tukey’s post-hoc analysis 

with significance at p<0.05 using GraphPad Prism Version 6.0. 
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Chapter 4: Results 

4.1. HPLC Assay for LAZ 
The linear range of calibration curve was established at 1–100 µg/mL. The mean 

coefficient of correlation (r) for inter-day calibration curve (n = 3) was 0.9996 with % CV 

of 0.03. The mean value for slope of inter-day calibration curve (n = 3) was 0.526 with % 

CV of 3.54. Selectivity was tested by comparing blank acetonitrile and LAZ spiked 

samples at LLOQ (1 µg/mL) in blank acetonitrile solution. The signal to noise ratio was 

≥10. The retention time for LAZ and methyl testosterone (IS) was 2.6 and 6.8 minutes 

respectively (Figures 16, a and b). The intra-day and inter-day accuracy and precision 

values for the QC samples were between 90.61 – 105.86 % and < 11 %, respectively, 

within the acceptance range of ± 15% (Table 6). 

 

 

a) 
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Figure 16: HPLC chromatograms of a) blank acetonitrile and b) LAZ (1 µg/mL) and 
methyl testosterone (IS) spiked in blank acetonitrile 

 

Nominal 
Concentration 

(µg/mL) 

Intra-day (N=9) 
 

Inter-day (N=6) 
 

%Accuracy  %Precision %Accuracy  %Precision 
4 90.61 ± 1.20 1.32 94.85 ± 10.03 10.57 
40 105.86 ± 2.53 2.39 102.58 ± 5.62 5.47 
80 101.08 ± 1.66 1.64 96.62 ± 6.65 6.88 

 
Table 6: Intra-day and inter-day accuracy and precision values (mean ± SD) for LAZ in 

acetonitrile 
 

 

 

 
MTS 

LAZ 
LLOQ: 1 µg/mL 

b) 
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4.2. Selection of Lipids 
The solubility of LAZ in different liquid lipid (oils) is summarized in Table 7. Labrasol 

yielded the highest solubility for LAZ (2.26 ± 0.05 mg/mL) and was chosen as liquid 

lipid.  

 
Liquid lipid (Oils) 

 
Solubility (mg/ml) 

Safflower oil 0.12 ± 0.01 
Flax seed oil Below LLOQ 

Labrafaca 0.09 ± 0.01 
Peceolb 1.24 ± 0.06 

Oleic acid 0.60 ± 0.08 
Soy bean oil 0.05 ± 0.01 

Labrasolc 2.26 ± 0.05 
 

Table 7: Solubility of LAZ in different liquid lipids (oils) (N=3: Mean ± SD) 
a: Medium chain triglycerides, b: glceryl mono-oleate,  

c: PEG-8 caprylic/capric glyceride 

There is no direct method for determining the solubility of LAZ in solid lipids. Hence, 

thermal analysis and in vitro release of LAZ from SLNs were used to screen the suitable 

solid lipids. The DSC thermograms for pure LAZ and LAZ solid lipid mixtures are 

represented in Figure 17. The sharp meting endothermic peak of LAZ at 189.30°C was 

shifted to 176.25°C with a diffused peak for LAZ mixed with GB at the ratio (% w/w) of 

1:5. However, no such peak shifts were observed with TM (187.70°C) and TS (189.25°C) 

at the same LAZ to lipid ratio. In addition, the percent cumulative release of LAZ loaded 

SLNs was determined in plasma over a period of 72 hours. LAZ loaded GB SLN (6.70 ± 

2.58 %) exhibited the slowest percent cumulative release of LAZ in comparison to TM 

(35.17 ± 10.11 %, p<0.05) and TS (24.41 ± 10.47 %, p>0.05) SLNs.  
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Figure 17: Differential scanning calorimetric thermograms of LAZ in different solid 
lipids 

 
4.3. Development of LAZ-NLC using CCD 
A two-factor five-level CCD was used to determine the optimal levels of independent 

variables DSPE-PEG 2k (A) and liquid lipid (B) and the composition effects on particle 

size, zeta potential and encapsulation efficiency (dependent response variables) using 

only 14 experimental runs as depicted in Table 8. The various NLC formulations 

resulting from the experimental design had particle size, zeta potential and encapsulation 

efficiency ranging from 99.9 to 227.0 nm, -4.52 to +25.84 mV and 54.83 to 88.92%, 

respectively. 

 



	

	
	

66	

 
Design 

 
DSPE
-PEG 
2000 
(mg) 

 
Liquid 
Lipid 

 

 
Solid 
Lipid 

 
Particle 

Size 
(nm) 

 
Zeta 

Potential 
(mV) 

 
 

 
Encapsulatio
n Efficiency 

(%) 
 

(%)a 
 

(mg) 
 

(mg) 
(0,0) 30 30 60 110 190.0± 1.04 5.36 ± 0.90 73.72 ± 2.31 

(0,0) 30 30 60 110 185.7± 1.37 5.06 ± 1.06 73.13 ± 5.26 

(0,0) 30 30 60 110 185.0± 7.67 5.54 ± 1.00 72.12 ± 8.36 

(-1,1) 15 50 100 85 133.1± 6.36 17.33 ± 1.10 72.89 ± 2.45 

(1,-1) 45 10 20 135 171.0± 8.63 (-6.67) ± 0.67 84.94 ± 3.34 

(1,1) 45 50 100 55 99.9 ± 6.06 (-4.52) ± 1.81 84.26 ± 3.54 

(-1,-1) 15 10 20 165 189.6± 0.97 16.91 ± 2.32 62.32 ± 6.23 

(0,0) 30 30 60 110 188.2± 5.00 5.84 ± 0.41 74.07 ± 1.23 

(0,0) 30 30 60 110 191.7 ± 7.08 7.31 ± 0.93 73.72 ± 6.98 

(0,0) 30 30 60 110 189.4 ± 4.50 7.82 ± 2.16 75.11 ± 4.53 

(-α,0) 8.79 30 60 131.21 183.1± 4.37 25.84 ± 0.89 54.83 ± 2.00 

(α,0) 51.21 30 60 88.79 149.3 ± 7.17 (-6.82) ± 2.38 88.92 ± 1.47 

(0,-α) 30 1.72 3.44 166.56 227.0 ± 5.37 4.45 ± 0.72 76.77 ± 9.82 

(0,α) 30 58.28 116.56 53.44 106.2 ± 1.23 7.83 ± 1.40 66.71 ± 3.48 

 

Table 8: Formulation design with coded and actual values of independent variables and 
measured response variables (N=3: Mean ± SD) 

a: Calculated with respect to total lipid content of 200 mg;  
NLC composition described in Section 3.2.3 

 

The particle size and zeta potential responses best fitted a quadratic model whereas the 

responses for entrapment efficiency fitted a linear model. The best-fit models were 

selected taking into consideration low standard deviation, high multiple correlation 
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coefficient (R2) and low predicted residual sum of squares. The model equations in terms 

of coded factors and model fit statistics are summarized in Table 9.   

Response variables Model equationsa R2 
Particle size (PS) PS = 188.31-12.44*A-37.30*B-

3.64*AB15.56*A215.35*B2 
0.9600 

Zeta potential (ZP) ZP = 6.1511.45*A+0.92*B+ 
0.44*AB+1.16*A20.52*B2 

0.9815 

Encapsulation 
efficiency (EE) 

EE = 73.82+10.27*A-0.54*B 0.7145 

 

Table 9: Best-fit model equations and summary statistics for particle size, zeta potential 
and encapsulation efficiency 

a: A: DSPE-PEG, B: Liquid Lipid, AB: Interaction between DSPE-PEG and Liquid 
Lipid, A2: (DSPE-PEG)2, B2: (Liquid Lipid)2 

	

The best-fit models for each response variable were statistically evaluated using ANOVA 

(significance at p<0.05) for quantitatively determining the effect of each independent 

variable alone as well as the interactions between independent variables on the response 

variable.  The sign and value of each regression co-efficient displayed its effect on the 

response variables as summarized in Table 10. A positive value of regression co-efficient 

indicated a synergism, whereas a negative value of regression co-efficient indicated 

antagonism between the independent and dependent variables [107]. Additionally, three-

dimensional response surface plots were used to visualize the effects of independent 

variables on the response variables. 
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Parameters Particle Size Zeta Potential Encapsulation 
Efficiency 

Coefficient p valueb Coefficient p value Coefficient p value 
Modela Quadratic < 0.0001 Quadratic < 

0.0001 
Linear < 0.0001 

Intercept 188.3  6.15  73.82  
A -12.44 < 0.0001 -11.45 < 

0.0001 
10.27 < 0.0001 

B -37.30 < 0.0001 0.92 0.003 -0.54 0.6308 
AB -3.64 0.1234 0.44 0.2888   
A2 -15.56 < 0.0001 1.16 0.0005   
B2 -15.35 < 0.0001 -0.52 0.0895 

 
  

 

Table 10: Statistical analyses of coefficients for best-fit model using ANOVA for 
response variables, a: A: DSPE-PEG, B: Liquid Lipid, AB: Interaction between DSPE-

PEG and Liquid Lipid, A2: (DSPE-PEG)2, B2: (Liquid Lipid)2,  
b: p <0.01, 0.05<= p <0.10, p >=0.1 

	
The particle size had an inverse relationship with liquid lipid (Labrasol) and DSPE-PEG 

(Figure 18, a), indicating a decrease in particle size as the amount of liquid lipid and 

DSPE-PEG increased. In this case the total amount of lipids were kept constant and the 

proportion of solid and liquid lipids were changed. No interactions between liquid lipid 

and DSPE-PEG having an effect on the particle size were observed. DSPE-PEG had an 

antagonistic effect on zeta potential, whereas liquid lipid demonstrated a synergistic 

effect (Figure 18, b). Only DSPE-PEG had a positive effect on encapsulation efficiency 

as seen from the Figure 18, c.  
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Figure 18: Three dimensional response surface plots for DSPE-
PEG 2k and liquid lipid on a) particle size, b) zeta potential and 

c) encapsulation efficiency 

b) a) 

c) 
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4.4. Optimization and Validation of LAZ-NLC  
The composition of optimal LAZ-NLC was obtained by using the numerical optimization 

feature in the Design-Expert software. The numerical optimization employs desirability 

function that is used for simultaneous optimization of response variables. The 

independent variables (DSPE-PEG 2k and liquid lipid Labrasol) are automatically 

contained in the ‘in range’ limits so that the responses are predicted within the boundaries 

of the experimental design. The response variables are assigned either a maximum, 

minimum or target value. 

 
 

Optimal LAZ NLC 

 
Particle Size 

(nm) 

 
Zeta Potential           

(mV) 

Encapsulation 
Efficiency 

(%) 
Predicted Response 172.6 -4.67 84.28 

Observed Response 
(N=3,Mean ± SD) 

172.3 ± 3.54 -4.54 ± 0.87 85.01 ± 2.60 

% Error -0.20 -2.78 0.86 

 

Table 11: Comparison of predicted and observed responses for optimal LAZ-NLC 
 

The desired properties of optimal LAZ-NLC were particle size < 200 nm, zeta potential 

with a neutral surface charge and maximum encapsulation efficiency of LAZ . In order to 

achieve the desired response variables criterion, the software predicted the optimum 

composition of LAZ-NLC consisting of 45 mg DSPE-PEG 2k and 23.07 % w/w of the 

lipid matrix was replaced with liquid lipid Labrasol. The predicted values of particle size, 
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zeta potential and encapsulation efficiency at the optimum LAZ-NLC composition were 

172.6 nm, -4.67 mV and 84.28 %, respectively. The validity of the model was confirmed 

by preparing the LAZ-NLC using the optimum composition and comparing the observed 

experimental values with the predicted values. The observed values for particle size, zeta 

potential and encapsulation efficiency were 172.3 ± 3.54 nm, -4.54 ± 0.87 mV and 85.01 

± 2.60 %, respectively, with percent bias < 3 % highlighting the predictability of the CCD 

model for formulation properties (Table 11).  

4.5. Physico-chemical Characterization of Optimal LAZ-NLC 
4.5.1. TEM Analysis 
Uranyl acetate and osomium tetroxide were used as negative staining agents for lipids to 

provide better contrast for visualization. The optimal LAZ-NLCs were spherical in shape 

in the TEM images.  

 

Figure 19: Transmission electron microscopy images of optimal LAZ-NLC  
a) Scale: 800 nm, Magnification: 8000X, b) Scale: 200nm, Magnification: 25000X 

a) b) 
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The particle size and polydispersity index using DLS were 172.3 ± 3.5 nm and 0.12 ± 

0.01, respectively (N=3 ± SD) with the TEM images confirming the validity of these 

measurements (Figure 19, a and b).  

4.5.2. Solid-state Characterization 
The DSC thermograms are represented in Figure 20 

 

Figure 20: Differential scanning calorimetric thermograms of LAZ (red), GB (black), 
DSPE-PEG 2k (green) and optimal LAZ-NLC (blue) 

 

A sharp endothermic peak for pure GB was observed at 73.00°C that shifted slightly to 

68.02°C in case of LAZ-NLC, indicating a reduced crystallinity of GB in comparison to 

the bulk lipid. The bulk DSPE-PEG 2k showed a sharp melting endotherm at 50.47°C, 

while the peak became more diffused in LAZ-NLC, A sharp melting peak was observed 
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for LAZ at 189.30°C, which disappeared in LAZ-NLC, indicating the loss of crystalline 

state of LAZ and its probable conversion to an amorphous state.  

 

 
Figure 21: X-ray diffractograms for a) pure GB, b) pure LAZ and c) optimal LAZ-NLC 

 

XRD analysis was performed in order to verify the physical state of LAZ-NLC. The 

findings from XRD analysis complimented the results from DSC analysis. The bulk LAZ 

and GB showed sharp diffraction peaks (Figure 21,a and b), indicating their crystalline 

nature.  In LAZ-NLC, the peaks for GB were retained with weakened intensity 

representing decreased crystallinity compared with pure GB. Also, a complete loss in 

intensity for LAZ peaks was observed in LAZ-NLC (Figure 21,c).  
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4.5.3. In-vitro Hemolytic Potential 
The hematotoxic potential of optimal LAZ-NLC was evaluated in freshly heparinzed rat 

blood using increasing formulation to blood ratios. The cut-off values for hemolytic 

potential in humans are reported to be in range of 10-25 % [108]. The formulation to 

blood ratio from 0.0375 to 1 demonstrated percent healthy cells in range of 85-90 %, 

suggesting the safety margin of the optimal LAZ-NLC on intravenous administration 

(Figure 22). At formulation to blood ratio of 2 and higher the optimal NLC exhibited 

significant hemolysis (p<0.05) with the percent healthy cells <50%.  
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Figure 22: Hemolytic potential of optimal LAZ-NLC (N=3: Mean ± SD) 
One way ANOVA with Tukey post hoc; 

 *Significant (p<0.05) when compared to F:B ratios 0.0375, 0.3, 0.5 and 1 
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4.5.4. Storage Stability 
The storage stability of optimal LAZ-NLC at 4°C over a period of 3 months is presented 

in Table 12. The particle size of optimal LAZ-NLC exhibited a slight increase after 

storing at 4°C for 1 month compared to that of freshly prepared optimal LAZ-NLC (0 

month), whereas the increase plateaued at 3 months. Although significant (p<0.05), the 

increase in particle size was only 1.2 times more in comparison to 0 month and still 

within 200 nm necessary for the enhanced brain exposure and lower exposure in liver. 

The encapsulation efficiency showed no significant change (p>0.05) in the amount of 

LAZ contained in the NLC over the 3 months period. The zeta potential was stable over 

the 1-month period whereas change in surface charge to more negative value was 

observed at 3 months. While LAZ-NLC displayed an optimal stability up to 3 months 

with slight changes in physical properties, freshly prepared optimal LAZ-NLCs were 

used in pharmacokinetics and bio-distribution studies. 

 

Response variables 0 month 1 month 3 months 
Particle size 155.4 ± 8.13 189.6 ± 2.35* 199.6 ± 0.40* 

Zeta potential -4.73 ± 1.35 -7.05 ± 1.02 -14.23 ± 1.27* 
 

Encapsulation efficiency 
 

78.96 ± 7.49 
 

84.60 ± 4.50 
 

77.09 ± 7.58 
 

Table 12: Storage stability at 4°C of optimal LAZ-NLC at 0, 1 and 3 months (N=3: 
Mean ± SD); One way ANOVA with Tukey post hoc, 

 *Significant (p<0.05) when compared to 0 month 
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4.6. UPLC-MS/MS Assay of LAZ in Bio-matrices 
4.6.1. Optimization of LC/MS Method  
Acetonitrile and methanol were tested as organic solvents for chromatographic separation 

of LAZ. Acetonitrile was chosen mainly because it had better elution strength and 

provided sharper peaks with a better resolution for LAZ than methanol. Additionally, 

formic acid and trifluoroacetic acid (TFA) were tested as mobile phase additives for 

facilitating a better ionization of basic compounds like LAZ. Formic acid (0.1% v/v) 

significantly aided the ionization of LAZ whereas TFA (0.1% v/v) decreased the signal 

intensity of LAZ by 10 times. Therefore, formic acid was selected as the mobile phase 

additive. The representative chromatograms of blank rat plasma and organ homogenates 

and LAZ spiked rat plasma and organ homogenate samples at LLOQ (1.95 ng/mL) are 

depicted in Figures 24-27. Compound-dependent parameters like DP, EP, CE and CXP 

were optimized using automatic compound optimization for MS/MS analysis to get the 

maximum sensitivity for LAZ. The instrument-dependent parameters like curtain gas, 

collision gas, ionspray voltage, temperature and ion source gas were optimized manually 

by observing the increase or decrease in the ionization intensity of LAZ. Increasing the 

curtain gas and ion source gas values resulted in decreased ionization intensity of LAZ. 

Increasing the collision gas, ionspray voltage and temperature to optimal values increased 

the ionization intensity of LAZ. Any further increase in these parameters did not 

drastically enhance the ionization of LAZ. The MRM transition for LAZ (m/z 612 à 

260) was obtained by a cleavage across the piperazine ring (Figure 23). 
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Figure 23: MRM transitions for precursor ion to specific product ion [M+H]+ for LAZ 
(m/z 612 à 260) with structural breakdown of parent to daughter ion 

 

Tirilazad mesylate, which is structurally related to LAZ, was not chosen as internal 

standard because both compounds generated the same product ion with m/z 260, which 

could lead to a cross-talk between LAZ and tirilazad mesylate leading to quantitation 

errors [109]. A stably labeled isotope of LAZ could be a potential choice for internal 

standard; however, due to its unavailability, DIA was chosen as the internal standard. 

Previously, LC-MS/MS method using atmospheric pressure chemical ionization (APCI) 

was developed for the quantitation of tirilazad mesylate and could be applied for the 

quantitative analysis of LAZ. However, APCI involved the use of high flow rates, higher 

amounts of volatile buffers and use of protic organic solvents such as methanol.  
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Figure 24: UPLC/MS-MS chromatograms a) blank rat plasma and b) LAZ (1.95 ng/mL) 
spiked in blank rat plasma

a) 

b) 
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Figure 25: UPLC /MS-MS chromatograms of a) blank rat brain homogenate and b) LAZ 
(1.95 ng/mL) spiked in blank rat brain homogenate

a) 

b) 
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Figure 26: UPLC /MS-MS chromatograms of a) blank liver homogenate and b) LAZ 

(1.95 ng/mL) spiked in blank rat liver homogenate

a) 

b) 
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Figure 27: UPLC/MS-MS chromatograms of a) blank lung homogenate and b) LAZ 

(1.95 ng/mL) spiked in blank rat lung homogenate 
 

a) 

b) 
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Hence, APCI is used as an alternative to electron spray ionization (ESI), when the 

compound to be analyzed is not charged in solution [110]. The presently developed LC-

MS/MS method successfully ionized LAZ using ESI to give product ion m/z 260, with an 

excellent detection intensity (Figure 23). The use of ESI reduced the flow rate of the 

mobile phase from 1.2 mL/min (for APCI) to 0.45 mL/min. Additionally, ESI permitted 

the use of acetonitrile as the mobile phase, that resulted in strong signals and sharp peaks 

of LAZ, which are not achievable when methanol is used [110].  

4.6.2. Linearity, Sensitivity and Selectivity 
The linear range of calibration curve was established at 1.95-250 ng/mL. The mean 

coefficient of correlation (r) for inter-day calibration curve in plasma (n=5) was 0.9993 

with % CV of 0.04. The mean coefficient of correlation (r) for inter-day calibration curve 

in brain, liver and lung homogenates (n=3) were 0.9903, 0.9972, 0.9990 with % CV of 

1.03, 0.34, 0.07 respectively. The mean value for slope of inter-day calibration curve in 

plasma (n=5) was 0.007 with % CV of 14.37. The mean value for slope of inter-day 

calibration curve in brain, liver and lung homogenate (n=3) was 0.016, 0.002, 0.007 with 

% CV of 15.50, 6.89, 17.45 respectively. Selectivity was tested by comparing blank, zero 

blank and LAZ spiked samples at LLOQ concentration (1.95 ng/mL) in six individual 

non-pooled, analyte free, blank rat plasma samples. Due to limited availability of 

individual blank tissues, pooled homogenates of analyte free, blank rat brain, liver and 

lung tissues were used in determining the selectivity. The LAZ signal to noise ratios in all 

the bio-matrices was ≥ 10. The intra-day and inter-day accuracy and precision values for 
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LAZ LLOQ plasma sample (1.95 ng/mL) was < 12.5% and within the acceptance range 

of ± 20% (Table 14), confirming the sensitivity of the method.  

4.6.3. Recovery and Matrix Effect 
The recovery and matrix effect are reported as mean ± standard deviation along with % 

CV in Table 13. The recovery and matrix effect of LAZ was calculated by comparing 

peak area ratios of LAZ and DIA spiked in blank rat plasma before and after extraction. 

The recovery of LAZ extracted from rat plasma for QC samples was in the range of 47.66 

- 56.09 %, with % CV of 4.02 to 10.32 %. The percentage extraction recovery for 

tirilazad mesylate, from rat plasma was reported to be 66 % using a similar extraction 

method [48]. The percentage recovery for DIA was 89.67 ± 1.62 % (n=3, % CV= 1.81 

%). The matrix effect represented as percent matrix factor of LAZ extracted from pooled 

rat plasma for QC samples were in the range of 85.64 - 89.35%. Furthermore, the percent 

matrix factor of LAZ tested in six lots of rat plasma obtained from individual rats was 

also in the range of 89.65 – 98.08 %, with coefficient of variation in acceptable range of 

± 15 %. The percent matrix factor of DIA was 110.05 ± 4.99 % with a variability (% CV) 

of 4.54% (n=3).  
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QC standards 
(ng/mL) 

% Recovery 
(% CV) 
(N=3) 

% Matrix Factor 
(% CV) 

  
Pooled (N=3)  Individual (N=6) 

5 49.37 ± 5.09  
(10.32 %) 

86.12 ± 9.05 
(10.50 %) 

98.08 ± 4.49 
(4.58 %) 

50 47.66 ± 3.51 
(7.36 %) 

85.64 ± 5.66 
(6.61 %) 

91.17 ± 11.44 
(12.55 %) 

200 56.09 ± 2.26 
(4.02 %) 

89.35 ± 4.84 
(5.42 %) 

89.65 ± 3.21 
(3.58 %) 

 

Table 13: Percentage recovery and matrix effect (N=3-6, Mean ± SD) of LAZ from rat 
plasma 

	
4.6.4. Accuracy and Precision 
The intra-day and inter-day accuracy and precision values for LAZ QC plasma samples 

are summarized in Table 14.  

Nominal 
Concentration 

(ng/mL) 

Intra-day (N=6) 
 

Inter-day (N=18) 
 

%Accuracy %Precision %Accuracy %Precision 
1.95 (LLOQ) 115.60 ±13.19 11.45 110.33 ± 13.60 12.35 

5 97.15  ± 4.87 5.07 98.06 ± 7.10 7.33 
50 96.60 ± 9.62 10.01 101.77 ± 7.69 7.59 
200 109.00 ± 7.07 6.28 103.53 ± 6.41 6.03 
1000 

(Very High 
Concentration QC) 

 
98.17 ± 4.54 

 
4.63 

 
100.91 ± 6.31 

 
6.25 

 

Table 14: Intra-day and inter-day accuracy and precision values (Mean ± SD) for LAZ in 
rat plasma 

	
The intra-day and inter-day accuracy values for QC plasma samples ranged from 96.60 – 

115.60 % and 98.06 - 110.33 %, respectively. The intra-day and inter-day precision 
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values calculated in terms of coefficient of variation (% CV) for QC plasma samples 

were 5.07 to 11.41 % and 6.03 to 12.35 %, respectively. It is anticipated that the plasma 

concentrations in rat pharmacokinetic study can be higher than the upper limit of 

quantification of the calibration curve. Thus, a very high concentration QC sample (1,000 

ng/mL) was prepared in blank rat plasma and was further diluted 10 times with blank rat 

plasma to give a final concentration of 100 ng/mL.  The intra-day and inter-day accuracy 

and precision values for the very high concentration QC plasma sample were between 

98.17 – 100.91 % and < 6.3 %, respectively. The intra-day and inter-day accuracy and 

precision, calculated in terms of coefficient of variation (% CV) for QC samples, ranged 

from 100.5 to 110.6% and 7.11 to 12.03% in brain tissue, 91.3 to 115.7% and 1.4 to 

10.6% in liver tissue and 101.5 to 109.3% and 6.92 to 12.50% in lung tissue (Table 15). 

The intra-day and inter-day accuracy and precision values for QC samples in blank rat 

plasma and tissue homogenates were within the acceptance range of ± 15%. 

 
Tissue 

Nominal 
Concentration 

(ng/mL) 

Intra-day (N=3) Inter-day (N=6) 
 

%Accuracy %Precision %Accuracy %Precision 

Brain 5 104.67 ± 7.23 7.11 100.53 ± 8.95 9.02 
200 106.27 ± 13.12 12.03 110.63 ± 9.84 8.76 

Liver 
 

5 91.33± 9.64 10.56 95.98± 9.18 9.56 
200 115.67± 1.53 1.39 112.83± 5.91 4.96 

Lung 5 109.33 ± 13.58 12.50 101.51 ± 12.38 12.28 
200 103.87 ± 9.77 9.60 102.22 ± 6.94 6.92 

 

Table 15: Intra-day and inter-day accuracy and precision values (Mean ± SD) for LAZ in 
rat brain, liver and lung tissue homogenates 
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4.6.5. Stability 
The results of stability study are reported in Table 16. The measurements for the stability 

study were expressed as remaining percentages of nominal concentrations. LAZ plasma 

samples were stable on bench-top at 25°C for 1 hour with values within 15% of nominal 

concentrations. However, 20-30% of LAZ was degraded at 25°C by 3 hours. 

Additionally, to increase the bench-top stability of LAZ in plasma, we tested the stability 

of LAZ on ice bath at 25°C for 1 and 3 hours. LAZ QC samples stored on ice-bath were 

stable even at 3 hours within acceptable range of nominal concentration. LAZ plasma 

samples stored at -80°C for one month were stable with values within 15 % of nominal 

concentration (95.74 - 98.11 %). The freeze-thaw stability was tested after one and three 

cycles of freezing at -80°C and thawing to room temperature. The stability of LAZ in 

plasma after one and three freeze thaw cycles was within 15 % of nominal 

concentrations. The processed sample stability indicated that the processed samples were 

stable with values between 93.37 - 99.91 % of nominal concentrations, when placed in 

the auto-sampler at 10°C for 24 hours of analysis.  
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Table 16: Stability of LAZ in rat plasma under different storage conditions expressed as 
percentages of nominal concentrations (N=3: Mean ± SD) 

	
4.7. Pharmacokinetics and Bio-distribution Studies 
The time frame for treatment initiation had a significant effect on the outcome of two-

phase III clinical trials of tirilazad mesylate (structural analog of LAZ), while accessing 

its neuroprotective effect in stroke. Patients treated within 4 hours of the onset of stroke 

had a significant improvement in neurological function, compared to patients who were 

treated at 6 hours or later [33]. Furthermore, previous in vivo studies have reported the 

optimal dose of LAZ to exert radio-protective effect to be 15 mg/kg in rats [36]. These 

observations where included in our study design wherein the brain exposure of LAZ was 

monitored specifically between 4 to 8 hours after dosing LAZ at a therapeutic dose of 15 

mg/kg. The solubility of LAZ citrate solution (2 mg/mL) limited the dose to 5 mg/kg, 

 
QC 

standard 
(ng/mL) 

Short-term Stability 
(25°C) 

 
Freeze Thaw 

Stability 
 
 

Processed 
Sample 
Stability 

in 
Auto-

sampler 
(24 hours 
at 10°C) 

 
 

Long-
term 

Stability 
 

(1month 
at -80°C) 
 

1 hour 3 hours 

Normal Ice- 
bath 

Normal Ice-
bath 

1  
Cycle 

3 
Cycles 

5 95.43 
(±12.64) 

97.84 
(±5.53) 

81.63 
(±1.68) 

 

102.24 
(±7.40) 

88.55 
(±1.78) 

 

103.99 
(±4.98) 

 

99.91 
(± 6.93) 

 

98.11 
(±5.04) 

200 88.92 
(±1.77) 

94.00 
(±4.88) 

71.07 
(±1.96) 

87.88 
(±4.38) 

99.17 
(±8.17) 

 

90.90 
(±6.40) 

93.37 
(± 3.29) 

95.74 
(±1.88) 
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while the optimal LAZ-NLC (5 mg/mL) and LAZ co-solvent (8.5 mg/ml) could be 

administered at 15 mg/kg due to its high drug payload. The plasma pharmacokinetic 

profiles of LAZ citrate, co-solvent and optimal NLC groups fitted a two-compartment IV 

bolus model (Figure 28) and plasma pharmacokinetic parameters were derived (Figure 

29 and Table 17).  

 

 

Figure 28: 2-compartment IV bolus model 
 

Phoneix NLME 2 compartment 
model  

C: Central compartment 
C2: Peripheral compartment 

Cl2: Inter-compartmental clearance 
Cl: Clearance from central 

compartment 
V: Volume of distribution for 

central compartment 
V2: Volume of distribution for 

peripheral compartment 
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Figure 29: Plasma pharamcokinetic profile of LAZ citrate solution (5 mg/kg), LAZ co-
solvent and optimal LAZ-NLC (15 mg/kg) in rats after single dose IV adminsatrtion 

(N=3-4: Mean ± SD); 
Inset: Dose normalized plasma pharamcokinetic profile  

 

The LAZ-NLC and LAZ co-solvent groups had significantly higher (p<0.05) AUC0-8hr 

(6698.98 ± 320.62 and 6905.97 ± 1391.98 vs 1833.26 ± 413.87 hr*ng/mL) and Cmax 

(6508.23 ± 813.73 and 6516.98 ± 1860.77 vs 1577.28 ± 281.49 ng/mL) values in 

comparison to LAZ citrate group. On dose normalization, the AUC0-8hr (446.60 ± 21.37 

and 460.40 ± 92.80 vs 366.65 ± 82.77 {hr*ng/ml}/mg/kg) and Cmax (433.88 ± 54.25 and 

434.47 ± 124.05 vs 315.46 ± 56.30 {ng/mL}/mg/kg) values although non-significant  

(p>0.05) were slightly higher for LAZ-NLC and LAZ co-solvent groups compared to 

LAZ citrate group. The slight increase in systemic exposure did not translate into lower 

clearance and longer t1/2 values for LAZ-NLC and LAZ co-solvent groups compared to 
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LAZ citrate group. Interestingly, the LAZ-NLC group (797.98 ± 33.53 {mL/hr}/kg) 

showed a significantly lower inter-compartmental or distribution clearance (Cl2) between 

central and peripheral compartment in comparison to LAZ citrate (1476.77 ± 429.24 

{mL/hr}/kg) groups. The inter-compartmental clearance for LAZ-NLC group was non-

significant but indicated a lower trend compared to the LAZ co-solvent group (950.44 ± 

256.59 {mL/hr}/kg). The inter-compartmental or distributional clearance indicates the 

rate of transfer between central and peripheral compartment. The lower Cl2 value (LAZ-

NLC group) suggested slower distribution and redistribution whereas higher Cl2 values 

(LAZ citrate and LAZ co-solvent groups) indicated a rapid distribution and redistribution 

between the compartments. Additionally, slightly higher ratios V2/V with NLC group 

(1.26) compared to co-solvent and citrate (1.17 and 0.96) groups, implied the presence of 

a large fraction of LAZ from NLC present in the peripheral compartment [111].  
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Table 17: Plasma pharamacokinetic parameters for LAZ citrate solution (5 mg/kg), LAZ 
co-solvent (15 mg/kg)  and optimal LAZ-NLC (15 mg/kg) after single dose IV 

adminstration (N=3-4: Mean ± SD); 
p < 0.05 One-way ANOVA with Tukey’s post hoc;  

*Significant when compared to Citarte 5mg/kg 
 

Parameters, Units Citrate 5 mg/kg Co-solvent 15 mg/kg NLC 15 mg/kg 

AUC, hr*ng/mL 1833.26 ± 413.87 6905.97 ± 1391.98* 6698.98 ± 320.62* 

Cmax, ng/mL 1577.28 ± 281.49 6516.98 ± 1860.77* 6508.23 ± 813.73* 

AUC/dose, 
hr*ng/mL*mg 

366.65 ± 82.77 460.40 ± 92.80 446.60 ± 21.37 

Cmax/dose, 
ng/mL*mg 

315.46 ± 56.30 434.47 ± 124.05 433.88 ± 54.25 

AUMC, 
hr*hr*ng/mL 

4155.39 ± 980.70 16585.56 ± 6137.58 14875.68 ± 3047.34 

tvCl, mL/(kg*hr) 2837.56 ± 732.59 2235.80 ± 477.15 2243.19 ± 112.66 

tvCl2, mL/(kg*hr) 1476.77 ± 429.24 950.44 ± 256.59 797.98 ± 33.53* 

tvV, mL/(kg) 3246.68 ± 644.59 2427.08 ± 667.03 2368.59 ± 383.93 

tvV2, mL/(kg) 3160.79 ± 932.15 2863.04 ± 1363.25 3070.81 ± 1373.63 

VSS, mL/(kg) 6407.46 ± 1569.58 5290.12 ± 1617.20 5439.40 ± 1753.66 

Ke, 1/hr 0.87 ± 0.05 0.93 ± 0.09 0.97 ± 0.08 

K12, 1/hr 0.45 ± 0.10 0.40 ± 0.09 0.35 ± 0.04 

K21, 1/hr 0.47 ± 0.08 0.35 ± 0.07 0.33 ± 0.11 

Ke_hl, hr 0.80± 0.04 0.75 ± 0.07 0.72 ± 0.06 

Alpha_hl, hr 0.46 ± 0.05 0.48 ± 0.04 0.49 ± 0.06 

Beta_hl, hr 2.61 ± 0.15 3.21 ± 0.97 3.42 ± 1.42 

MRT, hr 2.26 ± 0.07 2.39 ± 0.73 2.24 ± 0.58 
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The optimal LAZ-NLC (43.07 ± 20.59 ng/gm) exhibited significantly (p<0.05) higher 

levels of LAZ in brain compared to LAZ citrate group (6.32 ± 1.33 ng/gm) at 4 hours 

(Figure 30, a). The LAZ co-solvent group (37.47 ± 7.06 ng/gm) similarly had higher but 

non-significant LAZ levels in brain compared to LAZ citrate group. Furthermore, NLC 

(4.40 ± 0.47 ng/gm) and co-solvent (4.13 ± 0.61 ng/gm) groups delivered LAZ across the 

BBB and were retained in the brain up to 8 hours, compared to LAZ citrate solution that 

exhibited unquantifiable LAZ levels in brain beyond 4 hours. Even on dose normalization 

at 4 hours, LAZ-NLC (2.87 ± 1.37 {ng/gm}/{mg/kg}) and LAZ co-solvent (2.50 ± 0.47 

{ng/gm}/{mg/kg}) groups were able to deliver two-fold higher amounts of LAZ in the 

brain compared to citrate group (1.26 ± 0.27 {ng/gm}/{mg/kg}) (Figure 30, d).  

Although, the LAZ co-solvent and LAZ-NLC groups exhibited comparable LAZ brain 

exposure levels, the liver distribution of LAZ from these formulations showed a 

significant difference. The LAZ-NLC (164.17 ± 44.88 and 41.87 ± 7.39 ng/gm) group 

exhibited significantly lower (p<0.05) exposure to liver at 4 and 8 hours compared to 

LAZ co-solvent (360.00 ± 141.12 and 94.89 ± 30.02 ng/gm) group. Moreover, the LAZ 

co-solvent group had significant higher (p<0.05) levels in liver compared to LAZ citrate 

(88.67 ± 39.18 and 30.87 ± 7.88 ng/gm) group at 4 and 8 hours (Figure 30, b). Even on 

dose normalization, the LAZ-NLC (10.94 ± 2.99 and 2.79 ± 0.49 {ng/gm}/{mg/kg}) had 

significantly lower (p<0.05) levels in liver compared to LAZ co-solvent  (24.00 ± 9.41 

and 6.33 ± 2.00 {ng/gm}/{mg/kg}) group at 4 and 8 hours and significantly lower 
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(p<0.05) levels compared to LAZ citrate  (6.18 ± 1.58 {ng/gm}/{mg/kg}) group at 8 

hours  (Figure 30, e).  

The optimal LAZ-NLC and LAZ co-solvent enhanced LAZ brain exposure by almost 

twice the amount compared to LAZ from citrate solution. However, the optimal LAZ-

NLC had an added advantage of lower hepatic exposure decreasing the amount delivered 

to the liver by half, a less off-target delivery than LAZ citrate and co-solvent groups. The 

higher brain and lower liver uptake of the optimal LAZ-NLC in comparison to LAZ 

citrate and co-solvent groups could be attributed to the particle size and the surface 

properties of the NLC with similar observation noted by other researchers for lipid 

nanoparticles [72, 73].  

LAZ co-solvent group (906.93 ± 312.02 and 432.78 ± 130.17 ng/gm) had significantly 

higher levels in lung tissue compared to LAZ citrate group (300.76 ± 10.37 and 105.40 ± 

12.22 ng/gm) between 4 and 8 hours, whereas LAZ-NLC (368.23 ± 82.30 ng/gm) 

demonstrated a significantly higher (p<0.05) level at 8 hours compared to LAZ citrate 

group. However, at the same dose basis, no significantly higher levels in lung tissue were 

observed with LAZ formulations compared to citrate solution. Nevertheless, the NLC 

group showed a sustained LAZ release at 6 and 8 hours, which could be validated by the 

higher elimination half-life compared to citrate group (Figures 30, c and f).   
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Figure 30: Tisue distribution of LAZ citrate solution (5 mg/kg), LAZ co-solvent 
(15mg/kg) and  optimal LAZ-NLC (15 mg/kg) in a) brain, b) liver, c) lungs, d) brain dose 
normalized, e) liver dose normalized and f) lung dose normalized (N=3-6: Mean ± SD); 

p < 0.05 One-way ANOVA with Tukey’s post hoc; 
 *Significant difference when compared with citrate group, # Significant difference 

between NLC and cosolvent group. 
 

Since the tissue profiles of the citrate, co-solvent and NLC groups were truncated, the 

slopes of terminal phase were used to estimate the terminal half-life (t1/2) of LAZ in the 

brain, liver and lung tissues. Log-linear trapezoidal rule was used to calculate the AUC 

for the truncated LAZ plasma and tissue profile (Table 18). 

Although the optimal LAZ-NLC and LAZ citrate solution had similar plasma terminal 

half-lives, the t1/2 in brain for LAZ-NLC (1.21 hr) was almost 1.5 times higher than LAZ 

citrate solution (0.84 hr) indicating the increased retention of LAZ in brain. The increased 

brain half-life of LAZ using the NLC system was corroborated by 2.75-fold increase in 
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the brain to plasma ratio (AUCbrain 4-8h/AUCplasma 4-8h) for LAZ-NLC group (0.11) in 

comparison to LAZ citrate solution group (0.04) indicating enhanced permeation and 

exposure of LAZ in the brain. The t1/2 for LAZ-NLC (2.04 hr) in liver was 1.2 times less 

than LAZ citrate solution (2.63 hr), which was verified by the lower liver to plasma ratio 

(AUCliver 4-8h/AUCplasma 4-8h) for LAZ-NLC compared to LAZ citrate solution (0.56 vs 

0.92). The t1/2 in lungs for LAZ-NLC (5.33 hr) was 2 times higher than LAZ citrate 

solution (2.67 hr) indicating increased residence time in lung tissue. No statistical 

analyses were carried for tissue terminal half-lives and tissue to plasma ratios since the 

parameter values were derived from the mean profile constructed from sparse sampling 

design.  
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Parameters (Units) Citrate 5 mg/kg NLC 15 mg/kg 

t1/2 plasma (hr) 0.80 0.72 

t1/2 brain (hr) 0.84 1.21 

Brain/Plasma Ratio 0.04 0.11 

t1/2 liver (hr) 2.63 2.04 

Liver/Plasma Ratio 0.92 0.56 

t1/2 lung (hr) 2.67 5.33 

Lung/Plasma Ratio 3.12 3.08 

 

Table 18: Brain, liver and lung tissue pharamacokinetic parameters for LAZ citrate 
solution (5 mg/kg) and optimal LAZ-NLC (15 mg/kg) after single dose IV administration 
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4.8. Dose Linearity Studies 

 

Figure 31: Brain distribution of optimal LAZ-NLC 20 minutes post-dose at 15, 30 and 
60 mg/kg (N=3: Mean ± SD); 

p < 0.05 One-way ANOVA with Tukey’s post hoc;  
* Significant difference compared with 15 mg/kg group, # Significant difference when 

compared with 30 mg/kg group 
 

The amount of LAZ in brain tissue 20 minutes after administration of optimal LAZ-NLC 

at 15, 30 and 60 mg/kg is depicted in Figures 31, a and b. The amount of LAZ in brain 

tissue at 60 mg/kg (18220.59 ± 3926.67 ng/gm) dose is significantly (p<0.05) higher 

compared to the amount measured at 30 mg/kg (6377.84 ± 1159.91 ng/gm) and 15 mg/kg 

(1569.47 ± 71.53 ng/gm) doses. The amount of LAZ in brain tissue at 60 mg/kg is 11.61 

times higher compared to the amount post 15 mg/kg dose. Although non-significant 

(p>0.05, p=0.0529), the amount of LAZ in brain tissue at 30 mg/kg is 4.06 times higher 

than15 mg/kg dose.  
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Figure 32: Dose normalized natural log-transformed brain distribution of optimal LAZ-
NLC 20 minutes post-dose at 15, 30 and 60 mg/kg (N=3: Mean ± SD); 

p < 0.05 One-way ANOVA with Tukey’s post hoc; 
* Significant difference compared with 15 mg/kg group 

 

The ANOVA model and the power model are used to assess the dose linearity of the 

optimal LAZ-NLC in brain. The PK parameters have lognormal distribution leading to 

residuals that do not show normal distribution. In order to satisfy the assumption of 

ANOVA, which indicate normal distributions of residuals, the PK parameters are natural 

log-transformed [112]. The dose-normalized natural log-transformed amount of LAZ in 

brain tissue at 20 minutes after administration of optimal LAZ-NLC at 15, 30 and 60 

mg/kg is depicted in Figures 32, a and b. 

The dose normalized amounts of LAZ in brain tissues at 20 minutes after administering 
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the amount of LAZ in brain tissue at 60 and 30 mg/kg is 1.23 and 1.15 times higher 

compared to the amount post 15 mg/kg dose. Thus the ANOVA model indicates a non-

linear increase in amount of LAZ in brain tissue after linear increase in doses of optimal 

LAZ-NLC.  

The power model utilizes weighted linear regression analysis to determine the slope and 

its corresponding 90 % confidence interval for natural log-transformed PK parameter and 

dose. The slope (β1) is determined to 1.77 and the 90 % confidence interval is computed 

to be 0.84, 1.16. The user-defined critical region (1+  , 1+ ) is calculated by 

using values for θl and θh as 0.8 and 1.25, and r (ratio of highest dose 60 mg/kg to lowest 

dose 15 mg/kg) as 4. The range for the user-defined critical region is computed to be 

1.59, 1.97. The dose proportionality is established when the confidence interval of slope 

(β1) falls within the user-defined critical region. The, 90 % confidence interval for β1 

0.84, 1.16 does not fall within the user-defined critical region 1.59, 1.97. Thus, the power 

model reiterated findings of the ANOVA model, indicating a non-linear increase in 

amount of LAZ in brain tissues as dose of optimal LAZ-NLC linearly increased.   
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Chapter 5: Discussion 

5.1. HPLC assay of LAZ 
The aqueous calibration curve of LAZ was linear in range of 1-100 µg/mL with LLOQ 

established at 1 µg/mL sufficient for quantifying the solubility of LAZ in oil and 

determining the encapsulation efficiency of LAZ-SLNs and NLCs. The signal to noise 

ratio of ≥ 10 indicated no endogenous substances interfered with the quantification of 

LAZ. The intra-day and inter-day accuracy and precision values were within ±15 % 

indicating that the developed HPLC assay was accurate, precise and reproducible for 

quantification of LAZ.  

5.2. Selection of Lipids 
It is critical to select optimal lipid blends for manufacturing NLC with desired physico-

chemical properties. The ideal lipid matrix should have high drug solubility in order to 

have sufficient drug loading in the NLC, which would directly influence the particle size, 

encapsulation efficiency and storage stability [67, 69].  

Labrasol is obtained by esterification of medium-chain triglycerides (caprylic C8:0 and 

capric C10:0 glycerides) from coconut oil and PEG 400. It is mainly used as a solubilizer 

for increasing the solubility of lipophilic compounds in lipid based formulations [113]. 

Additionally, Labrasol is less susceptible to oxidation owing to presence of saturated 

lipids compared to unsaturated lipids such as Pecol (glycerol mono-oleate) and oleic acid 

[80]. Thus, higher solubility of LAZ and reported reduced oxidation potential justified the 

selection of Labrasol as liquid lipid. 
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Lipid-drug solubility, in vitro release rates and storage stability can strongly influence the 

selection of solid lipids. GB consists of diacylglycerols of behenic acid (C22:0) together 

with variable quantities of mono- and tri-acylglycerols. TM and TS are triglycerides 

prepared from myristic acid (C14:0) and stearic acid (C18:0) respectively. Mixture of 

mono-, di- and tri- glycerides display higher drug solubility compared to pure 

triglycerides [90]. The shift in the endothermic peak of LAZ mixed with GB indicated the 

miscibility of LAZ in GB and the partial loss in crystal structure of LAZ. The absence of 

LAZ peak shift with TM and TS reflected less solubilizing potential of LAZ by TM and 

TS. Manjunath et.al., reported SLNs prepared with longer-chain triglycerides exhibited 

slower in vitro drug release which translated as increased in vivo systemic exposure with 

enhanced brain delivery [75]. Moreover, longer-chain triglycerides have displayed higher 

storage stability due to slower polymorphic transitions compared to shorter-chain 

triglycerides [78]. Thus, GB was selected as the solid lipid mainly due its miscibility with 

LAZ as supported by thermal analysis coupled with sustained in vitro release of LAZ 

form GB SLN.  

5.3. Development, Optimization and Validation of LAZ-NLC using CCD 
The three-dimensional contour plots were used to analyze the effect of LAZ-NLC 

composition on the response variables. The increase in amount of liquid lipid Labrasol 

decreased the particle size of LAZ-NLC and this finding was ascribed to the viscosity of 

the melted lipid matrix. The viscosity of GB and caprylic:capric triglyceride mixtures 

decreased at 73°C (the melting point of GB) as compared with that of GB alone [114]. 
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Thus, increasing the amount of liquid lipid (Labrasol) in NLC resulted in decreased 

viscosity, which reduced surface tension conducive for the reduction in particle size. 

Researchers have previously observed a similar trend of decreasing particle size on 

increasing the proportion of liquid lipid in formulations of NLC [115, 116].  Increasing 

the proportion of DSPE-PEG 2k also affects the particle size of NLC in a contrariwise 

fashion with an initial slight increase followed by a decrease resulting in an umbrella 

shaped curve. A similar phenomenon was reported in DSPE-PEG grafted liposomes. An 

increase in particle size was observed with the increase in DSPE-PEG from 4 to 8 mol%, 

which was attributed to the transition of PEG moiety from mushroom to brush 

configuration, resulting in extension of PEG moiety away from the surface. This was 

followed by a decrease in particle size with DSPE-PEG above 8 mol% due to the 

increased PEG-PEG resulting in a structural transition from liposomes to micelles [117]. 

In general, nano-dispersions possessing surface charge greater than ±30 mV are 

considered stable [118]. However, the adsorption of opsonins on surface of lipid 

nanoparticles is related to its surface charge and surface hydrophobicity. The primary 

reason for the addition of DSPE-PEG is to prevent opsonization and subsequent clearance 

of LAZ-NLCs via RES organs, such as liver. The hydrophilic residues of PEG align 

towards the aqueous phase while insoluble hydrophobic residues are oriented towards the 

lipid matrix of NLC [68]. Thus, increasing the amount of DSPE-PEG 2k displayed a 

decrease in zeta potential from +25.84 to -4.52 mV due to the formation of shell around 

the lipid matrix of NLC shielding the surface charge and hydrophobicity.  
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The amount of LAZ encapsulated in NLC increased with increasing DSPE-PEG 2k, 

possibly due to the molecular interaction between an piperazine nitrogen of LAZ and 

phosphate group in DSPE moiety resulting in an enhanced solubilization of LAZ in lipid 

matrix [44, 119].  

After analyzing the effect of independent variables on the response variables, the 

criterion for particle size, zeta potential and encapsulation efficiency was selected based 

on the objective of enhancing the brain exposure of LAZ with LAZ-NLC. It has been 

previously reported that lipid nanoparticles measuring less than 200 nm bypass the 

clearance mechanisms of RES resulting in a longer contact time with the BBB for passive 

diffusion or active uptake of the nanoparticles [55, 120]. Thus, the particle size of LAZ-

NLC was selected to be in the range of 150 to 200 nm. The surface charge and 

opsonization are directly correlated, with neutrally charged nanoparticles undergoing less 

clearance than charged nanoparticles [121, 122]. Additionally, neutral or negatively 

charged nanoparticles have demonstrated enhanced permeability across the brain without 

compromising the integrity of BBB and have less immunogenic potential than positively 

charged particles [123, 124]. Accordingly, zeta potential that measures the surface charge 

density was selected to be in range of 0 to -6 mV. Since LAZ possesses poor aqueous 

solubility and is susceptible to metabolism, a high proportion of LAZ needs to be 

encapsulated in a protective lipid matrix of NLC.  Thus, it is critical to have a maximum 

encapsulation efficiency of LAZ in NLC to ensure maximum delivery of LAZ payload. 
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The optimal composition of LAZ-NLC was determined using the above desired response 

variable criterion. The developed CCD matrix was able to accurately predict  (< 3 % 

error) the particle size (172.3 nm), zeta potential (-4.54 mV) and encapsulation efficiency 

(85.01 %) of the optimal LAZ-NLC for the purpose of enhanced brain delivery of LAZ. 

5.4. Physico-chemical Characterization of Optimal LAZ-NLC 
TEM is a microscopic technique used in determining the particle morphology, surface 

characteristic and size, and also for validating the results obtained from the particle size 

analyzing techniques. The particle size of the optimal LAZ-NLC were <200nm verifying 

the measurements from DLS analysis. The polydispersity index as reported by DLS was 

less than 0.3, considered as a monodispersed nanoparticles dispersion [88] and the 

homogeneous and uniform size distribution of the optimal LAZ-NLC were visually 

confirmed by the TEM images. 

DSC and XRD are widely used in conjunction to characterize crystal structure and 

polymorphic state of drug loaded lipid nanoparticles. The nano-size of LAZ-NLC with 

high surface area and presence of surfactant could result in the melting point depression 

of GB in the optimal LAZ-NLC. Additionally, the shift in the endothermic peak of GB in 

LAZ-NLC could be attributed to the presence of liquid lipid Labrasol and its interaction 

with the GB. In a previously reported study, lipid nanoparticles prepared from solid and 

liquid lipid mixtures demonstrated a linear trend in lowering the melting point of solid 

lipid (GB) with increasing concentration of liquid lipid (Miglyol; medium chain 

triglyceride) in lipid nanoparticles [114]. The crystallinity of GB was not completely lost 
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in LAZ-NLC and was confirmed by the overlapping diffraction patterns of LAZ-NLC 

with pure GB. The shift in DSPE-PEG 2k melting peak could be attributed to the 

interaction of DSPE-PEG 2k with components of NLC, especially LAZ and GB [44]. 

Similar complex multiple interactions between lipid, surfactant and PEGylating agent 

affecting the physical state of the lipid nanoparticles were earlier reported [125]. The 

DSC endothermic peak for LAZ disappeared in LAZ-NLC and was corroborated with the 

loss of sharp diffraction pattern corresponding to LAZ in the XRD analysis. This 

suggested the probable solubilization and incorporation of LAZ in the lipid matrix of 

NLC and the conversion of LAZ to amorphous state. The aqueous solubility of lazaroids 

at physiological pH 7.4 is very low (< 65 ng/mL) [126]. Amorphous drugs have 

demonstrated better solubility than their crystalline equivalents and thus the amorphous 

nature of LAZ in NLC would aid in its better solubilization in systemic circulation and 

reduce the risk of precipitation in physiological conditions.  

The particle size, nature of surfactant and incorporation of drug in the lipid matrix could 

influence the crystallinity of lipid matrix [77, 127]. Muhlen et.al., previously reported the 

presence of β and β’ form of GB in SLNs prepared with Compritol (GB) [128].  

Similarly, GB in the optimal LAZ-NLC could possess some degree of crystallinity (β and 

β’ form). However the presence of surfactant (Polysorbate 80) having no effect on the 

lipid crystalline structure, the nano-size of NLC and interactions between LAZ, GB, 

DSPE-PEG 2k and Labrasol could stabilize the crystal structure of GB and prevent its 

possible polymorphic transition from β’ to more stable β form. In the absence of lipid 
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polymorphic transitions, the drug expulsion from lipid matrix is prevented resulting in 

extended storage stability. This is highlighted by unchanged encapsulation efficiency of 

optimal LAZ-NLC over 3-month storage period.  

In case of formulations intended for intravenous administration, hemolysis may occur 

causing pain and series of adverse effects such as vascular irritation, phlebitis and death 

in some cases. These reactions are mainly attributed to the release of hemoglobin from 

erythrocytes into the plasma. The percent hemolysis for optimal LAZ-NLC with 

concentration of 5 mg/mL and formulation to blood ratio from 0.0375 to 1 was within 

accepted limit of 15 %. The corresponding formulation to blood ratios at 15, 30 and 60 

mg/kg doses were 0.0375, 0.075 and 0.15 respectively and within the established 

hematocompatible range for the optimal LAZ-NLC. Thus, the optimal LAZ-NLC can be 

dosed intravenously even at a high dose of 60 mg/kg without any danger of red blood cell 

lysis. The hematocompatibility of optimal LAZ-NLC could be attributed to negative 

surface charge [122] and use of GRAS (Generally Recognized As Safe) excipients. The 

presence of increased surfactant (Polysorbate 80) at higher formulation to blood ratio 

may be responsible to the increased hemolytic potential.  

5.5. Development and Validation of UPLC/MS-MS Assay for LAZ in Bio-matrices  
There is no single method reported for quantitative analysis of LAZ in plasma and organ 

homogenates. There are HPLC and HPLC-MS/MS methods reported for bio-analytical 

quantification of tirilazad mesylate (U-74006F), with the most recent assay being 

developed in 1999. In the past 16 years, no validated analytical method has been reported 
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for the quantification of lazaroids (a literature search was performed in PubMed). 

Furthermore, the previously reported assays have long run times (18 minutes), using 

complex sample processing procedures with requirements of high plasma volumes and 

use of alternative detection system such as atmospheric pressure chemical ionization 

(APCI) [129, 130]. Therefore, it was imperative to develop a simple and sensitive bio-

analytical method and validate it specifically for the quantification of LAZ in biological 

matrices that would aid in studying the pharmacokinetics and bio-distribution of this 

compound. 

The UPLC/MS-MS for quantification of LAZ in bio-matrices was validated as per US-

FDA guidelines for bio-analytical validation. A full validation was performed for LAZ in 

blank rat plasma. Since, the availability of blank rat bio-matrices is limited, a partial 

validation was performed for LAZ in brain, liver and lung homogenates. The partial 

validation included testing of selectivity, intra-day and inter-day accuracy and precision. 

The calibration curve of LAZ in plasma and tissue homogenates was linear in range of 

1.95-250 ng/mL with LLOQ concentration established at 1.95 ng/mL. In previously 

reported pharmacokinetics studies in rats, tirilazad mesylate solution dosed intravenously 

at 10 mg/kg was not detectable in plasma and tissues after 8 hours post dose leading to an 

insufficient characterization of the plasma pharmacokinetics and poor understanding of 

tissue distribution. These drawbacks were attributed to the insufficient sensitivity of 

HPLC assay with the LLOQ of 100 ng/mL [48]. The LLOQ (1.95 ng/mL) of the 

presently developed assay was 100 times greater than the LLOQ of previously reported 
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assay. Moreover, in the pharmacokinetic study using LAZ citrate group dosed at 5 mg/kg 

(2 times lower dose than tirilzad mesylate study 10 mg/kg) the average plasma, liver and 

lung concentrations of LAZ at 8 hours were 28.60, 9.27 and 29.51 ng/mL, 5 to 15 times 

higher than the LLOQ (1.95 ng/mL) of the presently developed assay. Although the 

average brain concentration at 8 hours (0.35 ng/mL) was lower than the LLOQ, it was 

still detectable and could be estimated. Thus, the developed and validated UPLC-MS/MS 

was sensitive to quantify the low concentrations of LAZ beyond 8 hours post dose, 

enabling the accurate characterization of pharmacokinetics and in particular, tissue 

distribution of LAZ. Moreover, the analytical quantification method for tirilazad mesylate 

involved the use of high volumes of plasma samples (500 µL) and complex extraction 

procedure using combination of protein precipitation and solid phase extraction [129, 

131]. In the present developed method, only 100 µL of plasma or tissue homogenates 

were needed to extract LAZ using a simple protein precipitation method with acetonitrile. 

It was crucial for the developed method to be selective specifically for quantifying LAZ. 

The selectivity of LAZ was determined by comparing the ratio of LAZ signal to signal 

generated by inherent endogenous substances present in the bio-matrices. The signal to 

noise ratio >10 indicated that no endogenous substances interfered with the quantification 

of LAZ.  The modest recovery of LAZ from plasma was initially speculated to the ion 

suppression of LAZ by plasma matrix and the instability of LAZ in plasma. However, it 

was later determined that the matrix effect was concentration-independent and there was 

no significant ion suppression of LAZ. In addition, the stability studies indicated that 
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LAZ was stable under different storage and processing conditions. Another probable 

explanation for the low recovery could be due to the high plasma protein binding of LAZ. 

The plasma protein binding of lazaroids is in range of 75-99% in rat and human plasma 

[132]. Therefore, the moderate recovery of LAZ could be partially attributed to the high 

plasma protein binding resulting in loss of LAZ during protein precipitation. Although, 

recovery and matrix effect of LAZ from brain, liver and lung tissue homogenates was not 

evaluated, the accuracy and precision of QC samples in the blank tissue homogenates 

were within the acceptable limits demonstrating that the key validation parameters were 

not compromised. 

The intra-day and inter-day accuracy and precision values were within ±15 % indicating 

that the developed assay was accurate, precise and reproducible for quantification of LAZ 

in bio-matrices. The stability study was designed to cover expected sample handling and 

storage conditions during the course of study. It was advisable to process LAZ plasma 

samples within one hour at an ambient temperature and should be processed on ice-bath 

especially when large numbers of samples requires processing time of about 3 hours. The 

long-term storage stability of LAZ in plasma indicated that pharmacokinetic samples 

could be stored at -80°C for up to one month before analysis without compromising the 

integrity of the sample. The aforementioned conditions were taken into consideration 

while processing and storing LAZ brain, liver and lung tissue samples. 
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5.6. Pharmacokinetics and Bio-distribution of LAZ Formulations 
The plasma pharmacokinetic parameters for LAZ citrate, co-solvent, and NLC groups 

were comparable except for the inter-compartmental clearance. This disparity in inter-

compartmental clearance between the three groups could possibly be due to the 

differential distribution of LAZ from NLC in tissues such as the brain and liver, which 

was apparent from our bio-distribution studies. The enhanced brain exposure and reduced 

accumulation in the liver could be attributed to the physico-chemical properties of the 

optimal LAZ-NLC.   

The LAZ from buffered citrate solution and co-solvent system form unstable suspensions 

on precipitating at physiological pH and are phagocytized and cleared by the 

macrophages in the liver and spleen [94, 126]. The particle size of < 200 nm and presence 

of PEG coating lowered the possible adsorption of opsonins on the surface of NLC 

resulting in reduced accumulation in the liver compared to the unprotected LAZ citrate 

solution and LAZ co-solvent [55].   

The transport of the optimal LAZ-NLC across the BBB could be ascribed to the 

following transport mechanisms.  

• Passive diffusion:  

LAZ is highly lipophilic with log P value of 8 [45]. Thus, free unbound LAZ can 

be transported across the BBB by passive diffusion in healthy animals with intact 

BBB. The comparable levels of LAZ in the brain tissue between LAZ co-solvent 

and LAZ-NLC group could be attributed to the diffusion of free LAZ through the 
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BBB. The intact optimal LAZ-NLC can also cross the BBB as supported by 

Nance et.al., in an ex vivo study in human and rodent brain tissues. This study 

demonstrated successfully penetration of the nanoparticles possessing similar 

properties as LAZ-NLC with particle size < 200 nm and a neutral surface charge 

penetrating across the brain extracellular space [133]. Another study by Brigger 

et.al., reported the transport of PEG coated nanospheres across the intact BBB and 

its higher affinity with enhanced accumulation in 9L gliosarcoma in rats 

compared to non-PEG coated nanospheres [134]. The aforementioned studies 

validated our hypothesis of passive transport of intact LAZ-NLC across the BBB 

mainly due to the presence of PEG coating on NLC surface along with optimal 

size and surface charge. 

• Active endocytic uptake:  

The presence of DSPE-PEG 2k and polysorbate 80 in LAZ-NLC composition 

could possibly prolong the residence time of LAZ in brain. Studies have reported 

active endocytic uptake via specific receptors in the brain such as LDL (low 

density lipoprotein), especially for nanoparticles coated with PEG moiety and in 

presence of polysorbate 80. This receptor-mediated uptake in the brain could 

possibly be due to the specific adsorption of apolipoprotein B and E on the 

surface of nanoparticle, resulting in their internalization by LDL receptors [135, 

136]. 

• Inhibition of P-gp efflux transporters:  



	

	
	

113	

LAZ is a potential substrate of P-gp efflux transporters present on BBB resulting 

in poor brain exposure of LAZ. The presence of surface modifiers (PEG 

derivatives) and surfactants (polysorbate 80) have demonstrated inhibitory effects 

on P-gp efflux transporter [137], thus enabling increased retention of passively 

diffused LAZ in the brain tissue.  

A medley of passive diffusion, inhibition of P-gp efflux transporters and/or active 

endocytic uptake could be credited for transport of optimal LAZ-NLCs across the intact 

and healthy BBB leading to enhanced LAZ brain exposure. In glioblastoma, a loss in 

expression of tight junction proteins has been reported causing disruption of BBB and 

increase in transport permeability [53]. Thus along with aforementioned transport 

mechanisms, the LAZ-NLCs can extravasate from the systemic circulation to the glioma 

tissues through the disrupted BBB resulting in passive targeting of NLCs. This passive 

targeting is called as Enhanced Permeability and Retention (EPR) effect, a characteristic 

feature of tumor tissues marked with extensive angiogenesis, defective vasculature with 

fenestrations, inefficient lymphatic drainage and venous return resulting in increased 

retention in tumor tissues. The leaky tumor vasculature and lack of lymphatic clearance 

could play an important role in retention of the NLCs in the glioma tissues [138, 139].     

Apart from its neuro-protective action, LAZ has shown efficacy in lung ischemia and 

reperfusion injury and hence the bio-distribution of LAZ in the lung was also evaluated 

[140]. The lung is a highly perfused organ receiving about half of total cardiac output 

during each systole and the pulmonary vasculature comprises of about one third of the 
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total vascular network in the body.  A large proportion of intravenously administered 

drugs are available for absorption by the lung owing to the large surface area, rich blood 

supply, low thickness of epithelial membrane and absence of first pass metabolism [141, 

142]. The LAZ formulated in citrate buffered solution has poor solubility at physiological 

pH resulting in precipitation of LAZ as micron-sized particles lodging in the arterioles 

and rapid phagocytized by the lung surface macrophages [143]. The nano-size of optimal 

LAZ-NLC (< 200 nm) can be delivered into the deep alveolar region and could be 

internalized by alveolar type I epithelial cells via clathrin and caveolin-mediated 

endocytic pathways, validating the longer retention of LAZ loaded in optimal NLC in the 

lungs. Moreover, alveolar type II epithelial cells release surfactants rich in phospholipids 

that help to reduce the surface tension at air-liquid interface and promote adsorption by 

alveolar type I epithelial cells via pinocytosis. The presence of DSPE-PEG 2k and 

surfactant Polysorbate 80 could potentially enhance the pinocytosis of LAZ-NLC by 

alveolar type I epithelial cells [144, 145]. 

Thus, the optimal LAZ-NLC specifically enhanced delivery of LAZ to the brain with 

decreased off-targeting potential to liver and could be used as a prospective platform for 

delivering therapeutic agents to the brain possessing a hepato-toxic potential. 

Additionally, the optimal LAZ-NLC sustained the LAZ levels in the lung tissue and 

could also be possibly used for delivering therapeutics intended for pulmonary delivery. 
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5.7. Dose Linearity of Optimal LAZ-NLC 
In linear pharmacokinetics AUC, half-life, clearance and volume of distribution are 

dependent on dose, whereas these parameters become dose independent as the dose 

increases and pharmacokinetics become non-linear. Dose dependent changes in plasma 

pharmacokinetics and tissue distribution of drugs could be due to alteration in plasma 

protein binding, capacity limited metabolism or excretion and/or saturable carrier 

mediated transport [146]. 

The non-proportional increase in LAZ brain levels after increasing the dose of optimal 

LAZ-NLC could be attributed to the interplay between passive diffusion, saturable 

carrier-mediated transport and inhibition of efflux transport. As proposed in Section 5.6, 

the optimal LAZ-NLC could be transported across the BBB via three mechanisms; 

passive diffusion, active endocyctic uptake and/or inhibition of Pgp efflux transport. The 

active endocytic uptake by receptors such as LDL could cause the initial linear increase 

in amount of LAZ in brain tissue after increasing the dose of optimal LAZ-NLC from 15 

to 30 mg/kg. A further increase in the dose of optimal LAZ-NLC to 60 mg/kg, could 

result in saturation of the LDL receptor sites leading to plateauing of the linear increase 

in amount of LAZ in brain tissue. However, a non-linear increase in amount of LAZ in 

brain tissue was observed at 60 mg/kg of optimal LAZ-NLC, indicating a supplementary 

mechanism causing transport of LAZ across the BBB. The nano-sized optimal LAZ-NLC 

as well as free LAZ released from the NLC can cross the BBB by passive diffusion. 

Being substrate of Pgp transporters, free unbound LAZ can be effluxed out from the 
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brain. However, the presence of DSPE-PEG 2k and Polysorbate 80 could inhibit the Pgp 

efflux transporters and thus contribute in the non-proportional increase in amount of LAZ 

in brain tissues with increasing dose. Similar mechanisms involving passive diffusion, 

along with active saturable influx and active efflux were observed for transport of 

morphine across the BBB [147] Moreover, higher doses of optimal LAZ-NLC could 

result in increased systemic exposure of LAZ resulting in saturation of plasma protein 

binding and limiting the capacity of metabolic enzymes. 
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Chapter 6: Summary 

6.1. Development, Optimization and Validation of LAZ-NLC using CCD 
The primary reason of selecting NLC over other conventional nano-carrier system was its 

high drug loading capacity and improved storage and physiological stability, in addition 

to its nano-size, controlled drug release, ease of surface modification and manufacture.  

Our study successfully demonstrated the logical selection of formulation compositions 

(GB, Labrasol, DSPE-PEG 2k, Tween 80) and the use of systematic DoE approach for a 

rational optimization of LAZ-NLC with physico-chemical properties suited for enhanced 

brain exposure. The development and optimization of LAZ-NLC was divided into three 

phases. Phase 1 involved selection of suitable liquid and solid lipid, which exhibited the 

maximum drug solubility and loading capacity. The liquid lipid Labrasol was chosen 

since it demonstrated the highest solubility for LAZ. The solid lipid GB was chosen 

taking into consideration its high degree of miscibility with LAZ and the ability of GB to 

sustain LAZ release over a period of time. Phase 2 involved the use of logical CCD 

methodology that helped generate maximum information about influence of formulation 

components such as DSPE-PEG 2k and liquid lipid Labrasol on formulation properties 

such as particle size, zeta potential and encapsulation efficiency using minimal 

experimental runs. The DSPE-PEG 2k had a negative effect on particle size and zeta 

potential while having a synergistic effect on the encapsulation efficiency of the LAZ-

NLC. The liquid lipid Labrasol had an antagonistic effect on particle size, synergistic 

effect on zeta potential while having no effect on encapsulation efficiency. 
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The LAZ-NLC was manufactured using a simple ultra-sonication technique, mainly due 

to the ease of preparation, economical and readily available apparatus, less time intensive 

procedure and reproducibility in achieving consistent formulation properties over several 

batches. The criterion for selecting the optimal composition of LAZ-NLC was based on 

increasing the brain exposure of LAZ while reducing its liver accumulation. The 

composition of LAZ-NLC was chosen to yield the particle size < 200 nm with neutral 

surface charge and high encapsulation efficiency. The developed CCD model was used in 

predicting the optimal LAZ-NLC composition and properties with minimal error (<3 %). 

6.2. Physico-chemical Characterization of Optimal LAZ-NLC 
The average particle size and polydispersity index of optimal LAZ-NLC measured was 

172.3 nm and 0.12 respectively, with neutral surface charge of -4.54 mV and 

encapsulation efficiency of 85.01 %. The TEM images confirmed the spherical shape of 

optimal LAZ-NLCs, and validated the observations of particle size analyzing techniques 

(DLS) with particle size of < 200 nm and uniform and homogeneous size distribution. 

The use of GRAS components in formulation of LAZ as NLC resulted in minimal (<15 

%) hemolytic potential on intravenous administration and the increased drug payload 

enabled the administration of high LAZ doses as bolus injection eliminating the 

possibility of painful infusions. The solid lipid GB partially retained its crystallinity while 

there was complete loss of LAZ crystal structure with probable transformation into 

amorphous state. The retention of lipid crystallinity, resulted in the LAZ-NLCs to be 
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stable on storage over 3-months period at 4°C with minimal change in particle size and 

zeta potential and no change in the encapsulation efficiency.  

6.3. Development and Validation of UPLC/MS-MS Assay for LAZ in Bio-matrices 
An UPLC-MS/MS method was successfully developed and validated for the 

quantification of LAZ in rat plasma and brain, liver and lung tissue homogenates. In 

comparison to the previously reported HPLC analytical methods, the current assay was 

fast, involving simple sample preparation procedure and utilization of minimal sample 

volume (100 µL versus 500 µL) to obtain sensitive responses. A full validation in rat 

plasma and a partial validation in rat brain, liver and lung tissues were performed for 

quantification of LAZ. The assay method is selective, sensitive, accurate, precise and 

reproducible with a linear range of 1.95 – 250 ng/mL in rat plasma and tissue 

homogenates with the LLOQ of 1.95 ng/mL. The assay is capable of quantifying samples 

with concentrations higher than 250 ng/mL by dilution, maintaining the accuracy and 

precision. This assay for the first time reports the stability of LAZ in plasma at different 

storage and handling conditions, with LAZ being within the acceptable limits on 

exposures to these conditions. The developed UPLC-MS/MS method was employed to 

establish the pharmacokinetic and bio-distribution profile of LAZ formulations in rats 

after an intravenous administration.  

6.4. Pharmacokinetics and Bio-distribution of LAZ Formulations 
This study dispelled a common notion about the extrapolation of plasma 

pharmacokinetics data to organ bio-distribution patterns. Even though there was no 
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difference in plasma pharmacokinetic profiles of LAZ citrate, LAZ co-solvent and 

optimal LAZ-NLC groups, a stark disparity was observed in the brain and liver 

distribution profiles for the three groups. The optimal surface properties of LAZ-NLC 

namely particle size < 200 nm, neutral surface charge and presence of DSPE-PEG 2k and 

Polysorbate 80 increased the brain permeability and residence time of LAZ by two times 

while limiting the amount of LAZ distributed in the liver by half compared to citrate 

solution. A combination of transport mechanisms such as passive diffusion, inhibition of 

P-gp efflux transport and active endocytic uptake were proposed for passage of free 

unbound LAZ as well as intact LAZ loaded NLC across the BBB. 

6.5. Dose Linearity of Optimal LAZ-NLC 
A non-proportional increase in LAZ brain level was achieved as the dose of LAZ-NLC 

increased linearly from 15 to 60 mg/kg. Though an initial dose increase could cause the 

saturation of endocytic receptors at the BBB, an alternative auxiliary mechanism 

involving inhibition of P-gp efflux transport accounted for the non-linearity in LAZ in the 

brain tissues. The contribution of this finding is note-worthy since optimal LAZ-NLC 

would help achieve maximum therapeutic LAZ levels in brain (12 times higher) within a 

safe dose range (4 times higher dose) without the potential risk of toxicity. 

The impact of our overall study is significant since it laid the foundation for the pre-

clinical efficacy testing of LAZ-NLC for its dual role as radio-protectant and anti-

proliferative agent in treatment of glioblastoma and its potential translation to clinical 

setting. 
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Finally, our research provides two key universal messages pertinent in study of delivery 

systems in a pre-clinical setting. 

1) A systematic and rational CCD model utilizing minimal number of experiments in 

generating maximal information regarding the effects of composition on 

formulation properties while predicting the optimal formulation composition with 

accurate predictability.  

2) The plasma pharmacokinetic profiles and parameters are not predictive of the 

organ bio-distribution and needs to be well characterized in a pre-clinical setting, 

to ensure accurate extrapolation to the clinical data.  
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Appendix 

Appendix 1.1: Procedure for in vitro release of LAZ from SLN 

LAZ-SLNs corresponding to 1 mg LAZ were placed in dialysis bags (Spectra/Por 

Dialysis membrane MWCO: 6000-8000) containing 1 mL of pooled human plasma. The 

dialysis bags were submerged in 50 mL plastic tubes containing 20 ml of medium (PBS 

with 0.2% Tween 80). The tubes were placed in a temperature controlled water bath at 

37°C and were shaken at 50 rpm. At 12, 24, 36, 48 and 72 hours a 1 mL of the medium 

was drawn and immediately replenished with fresh medium. After every 24 hours, the 

entire medium was replaced with a fresh medium. The samples taken at each time point 

were analyzed by HPLC to determine the amount of LAZ released. 

 

Appendix 1.2: In vitro release profile of LAZ-SLN in plasma at 37°C 
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Appendix 1.3: Percent cumulative LAZ release from SLN at 37°C 

Time (Hours) 

 

% Cumulative Release (N=3: Mean ± SD) 

TM-SLN TS-SLN GB-SLN 

12 5.07  ± 3.92 5.73 ± 3.94 1.97 (N=1) 

24 13.85 ± 7.17 14.52 ± 6.07 2.25 ± 1.14 

36 23.39 ± 8.96 21.44 ± 9.24 4.73 ± 0.98 

48 31.32 ± 8.56 24.41 ± 10.47 6.71 ± 2.58 

72 35.17 ± 10.11 24.41 ± 10.47 6.71 ± 2.58 

 

 

Appendix 1.4: Physico-chemical properties of LAZ-SLNs 

Parameters TM-SLN TS-SLN GB-SLN 

Particle Size (nm) 106.3 ± 1.3 135.4 ± 4.3 200.1 ± 5.3 

Polydispersity Index (PDI) 0.280 ± 0.01 0.282 ± 0.02 0.298 ± 0.01 

Zeta Potential (nm) 36.97 ± 0.85 37.75 ± 0.92 26.82 ± 1.74 

Encapsulation Efficiency (%) 80.87 ± 4.27 68.93 ± 2.65 85.44 ± 7.02 
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Appendix 2: Percent healthy RBC’s for formulation (LAZ-NLC) to blood ratios  

 

 

 

 

 

 

 

 

 

 

 

Formulation: Blood ratio 

(F:B) 

% Healthy RBC’s 

N=3, (Mean ± SD) 

0.0375 87.05 ± 7.07 

0.3 89.61 ± 8.02 

0.5 87.99 ± 5.78 

1 83.12 ± 1.82 

2 54.27 ± 4.01 

3 38.30 ± 4.42 
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Appendix 3.1: Plasma concentrations of LAZ formulations in rats 

Time (Hours) Plasma Concentration (ng/mL) 

 Citrate  

(5 mg/kg) 

Co-solvent  

(15 mg/kg) 

NLC  

(15 mg/kg) 

0.33 1094.00 ± 185.17 4070.67 ± 1075.82 4402.00 ± 573.94 

0.66 699.00 ± 79.08 2653.33 ± 610.68 2610.00 ± 186.55 

1 544.33 ± 59.14 2100.00 ± 343.95 1975.00 ± 271.97 

2 262.33 ± 31.66 696.33 ± 108.03 709.00 ± 45.57 

3 132.13 ± 30.04 379.33 ± 68.81 367.50 ± 54.02 

4 92.43 ± 12.85 279.33 ± 36.02 252.50 ± 34.76 

6 63.47 ± 15.16 183.00 ± 44.93 138.75 ± 26.68 

8 35.10 ± 5.31 103.03 ± 35.99 90.93 ± 6.79 
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Appendix 3.2: Dose normalized plasma concentrations of LAZ formulations in rats 

 

Time (Hours) 

Dose normalized plasma concentration (ng/mL)/(mg/kg) 

 Citrate  

(5 mg/kg) 

Co-solvent  

(15 mg/kg) 

NLC  

(15 mg/kg) 

0.33 218.80 ± 37.03 271.38 ± 71.72 293.47 ± 38.26 

0.66 139.80 ± 15.82 176.89 ± 40.71 174.00 ± 12.44 

1 108.87 ± 11.83 140.00 ± 22.93 131.67 ± 18.13 

2 52.47 ± 6.33 46.42 ± 7.20 47.27 ± 3.04 

3 26.43 ± 6.01 25.29 ± 4.59 24.50 ± 3.60 

4 18.49 ± 2.57 18.62 ± 2.40 16.83 ± 2.32 

6 12.69 ± 3.03 12.20 ± 3.00 9.25 ± 1.78 

8 7.02 ± 1.06 6.87 ± 2.40 6.06 ± 0.45 
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 Appendix 4: Brain concentrations of LAZ formulations in rats 

Time (Hours) 

 

Dose non-normalized brain concentration (ng/gm) 

 Citrate  

(5 mg/kg) 

Co-solvent  

(15 mg/kg) 

NLC  

(15 mg/kg) 

4 6.84 ± 1.87 37.47 ± 7.06 43.07 ± 20.59 

6 

1.31 ± 0.14  

(Below LLOQ) 12.26 ± 1.18 11.66 ± 2.57 

8 

0.49 ± 0.10 

(Below LLOQ) 4.13 ± 0.61 4.40 ± 0.47 

Time (Hours) 

 

Dose normalized brain concentration  

(ng/gm)/(mg/kg) 

 Citrate  

(5 mg/kg) 

Co-solvent  

(15 mg/kg) 

NLC  

(15 mg/kg) 

4 1.37 ± 0.37 2.50 ± 0.47 2.87 ± 1.37 

6 0.26 ± 0.031 0.82 ± 0.08 0.78 ± 0.17 

8 0.10 ± 0.021 0.28 ± 0.04 0.29 ± 0.03 

1: Estimated from below LLOQ values  
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Appendix 5: Liver concentrations of LAZ formulations in rats 

Time (Hours) 

 

Dose non-normalized liver concentration (ng/gm)  

 Citrate  

(5 mg/kg) 

Co-solvent  

(15 mg/kg) 

NLC  

(15 mg/kg) 

4 88.67 ± 39.18 360.00 ± 141.12 164.17 ± 44.85 

6 73.52 ± 10.84 248.56 ± 139.89 112.31 ± 13.74 

8 30.89 ± 7.88 94.89 ± 30.02 41.87 ± 7.39 

Time (Hours) 

 

Dose normalized liver concentration  

(ng/gm)/(mg/kg) 

 Citrate  

(5 mg/kg) 

Co-solvent  

(15 mg/kg) 

NLC  

(15 mg/kg) 

4 17.73 ± 7.84 24.00 ± 9.41 10.94 ± 2.99 

6 14.70 ± 2.17 16.57 ± 9.33 7.49 ± 0.92 

8 6.18 ± 1.58 6.33 ± 2.00 2.79 ± 0.49 
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Appendix 6: Lung concentrations of LAZ formulations in rats 

Time (Hours) 

 

Dose non-normalized lung concentration (ng/gm) 

 Citrate  

(5 mg/kg) 

Co-solvent  

(15 mg/kg) 

NLC  

(15 mg/kg) 

4 300.76 ± 10.37 906.93 ± 312.02 633.61 ± 167.99 

6 177.26 ± 57.85 646.63 ± 223.45 356.43 ± 60.78 

8 105.40 ± 12.22 432.78 ± 130.17 368.23 ± 82.30 

Time (Hours) 

 

Dose normalized lung concentration  

(ng/gm)/(mg/kg) 

 Citrate  

(5 mg/kg) 

Co-solvent  

(15 mg/kg) 

NLC  

(15 mg/kg) 

4 60.15 ± 2.07  60.46 ± 20.80 42.24 ± 10.22 

6 35.45 ± 11.57 43.11 ± 14.90 23.76 ± 3.51 

8 21.08 ± 2.44 28.85 ± 8.68 24.55 ± 4.75 
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Appendix 7: Brain concentrations of LAZ with increasing doses of LAZ-NLC in rats 

Amount of LAZ in brain 

at 20 minutes 

Doses (mg/kg) 

15 30 60 

Dose non-normalized  

 (ng/gm) 

 

1569.47 ± 71.53 

 

6377.84 ± 1159.91 

 

18220.59 ± 3926.67 

Dose normalized 

(ng/gm)/(mg/kg) 

 

104.63 ± 4.77 

 

212.59 ± 38.66 

 

303.68 ± 65.44 

 

 

Appendix 8: Dose linearity models for optimal LAZ-NLC in rats 

LN (dose normalized LAZ 

concentration in brain at 20 minutes) 

Doses (mg/kg) 

15 30 60 

ANOVA Model 4.65 ± 0.05 5.35 ± 0.19 5.70 ± 0.21 

 

LN (LAZ concentration 

 in brain at 20 minutes) 

LN (Doses) 

 

2.71 

 

3.40 

 

4.09 

Power Model 7.36 ± 0.05 8.75 ± 0.19 9.80 ± 0.21 

	

 


