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Abstract

Ischemic reperfusion injury after a stroke is a leading cause of mortality and disability due to 

neuronal loss and tissue damage. Mitochondrial dysfunction plays a major role in the reperfusion-

injury sequelae, and offers an attractive drug target. Mitochondrial derived reactive oxygen species 

(ROS) and resultant apoptotic cascade are among the primary mechanisms of neuronal death 

following ischemia and reperfusion injury. Here we optimized a nanoparticle formulation for the 

mitoNEET ligand NL-1, to target mitochondrial dysfunction post ischemic reperfusion (IR) injury. 

NL-1, a hydrophobic drug, was formulated using PLGA polymers with a particle size and 

entrapment efficiency of 123.9 ± 17.1 nm and 59.7 ± 10.1 %, respectively. The formulation was 

characterized for physical state of NL-1, in vitro release, uptake and nanoparticle localization. A 

near complete uptake of nanoparticles was found to occur by three hours, with the process being 

energy-dependent and occurring via caveolar mediated endocytosis. The fluorescent nanoparticles 

were found to localize in the cytoplasm of the endothelial cells. An in vitro oxygen glucose 

deprivation (OGD) model to mimic IR was employed for in vitro efficacy testing in murine brain 

vascular endothelium cells (bEND.3 cells). Efficacy studies showed that both NL-1 and the 

nanoparticles loaded with NL-1 had a protective activity against peroxide generation, and 

displayed improved cellular viability, as seen via reduction in cellular apoptosis. Finally, PLGA 

nanoparticles were found to have a non-toxic profile in vitro, and were found to be safe for 

intravenous administration. This study lays the preliminary work for potential use of mitoNEET as 

a target and NL-1 as a therapeutic for the treatment of cerebral ischemia and reperfusion injury.
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1. Introduction:

Stroke is a leading cause of mortality and morbidity worldwide, with no proven therapies to 

slow down the neuronal cell death after a stroke.1 About 80% of stroke cases consist of 

ischemic stroke, wherein the blood supply to a brain region is impeded. As a result, the brain 

tissue is starved of vital nutrients such as oxygen and glucose. Unless the occlusion is 

removed and blood supply is restored, prolonged deprivation of nutrients leads to formation 

of an infarct in the brain tissue which is a result of cell damage to neurons, microglia, 

astrocytes and endothelial cells. Multiple mechanisms of cell damage are activated following 

cerebral ischemia and reperfusion which can be a function of location in the brain as well as 

the time elapsed since the onset of ischemia. Although it might seem counterintuitive, 

restoration of blood supply, known as reperfusion, can cause further damage. Effects of 

reperfusion, also known as reperfusion injury, are the causative factors for cerebral edema 

and blood brain barrier (BBB) disruption2.

Energy failure is the immediate consequence of this ischemic event, as the brain cells are 

unable to generate ATP molecules due to lack of glucose and oxygen. A decline in ATP 

generation results in many downstream events such as the dysfunction of ATP pumps, loss 

of membrane potential, prevention of neurotransmitter reuptake leading to excitotoxicity of 

neurotransmitters such as glutamate. A direct effect of lack of impeded glucose and oxygen 

delivery is the alternation of mitochondrial function. The mitochondria are involved in two 

important physiological functions that include the generation of ATP and regulation of 

cellular apoptotic pathways. Oxidative stress is a principle mechanism of cell damage 

following cerebral ischemia and reperfusion, mediated by reactive oxygen species (ROS) 

such as superoxide radical, hydrogen peroxide, and the product of nitric oxide and 

superoxide interaction: peroxynitrite. Ischemic events are known to activate enzymes that 

produce ROS, which also see a surge in generation following reperfusion. These ROS can 

interact with matrix metalloproteases leading to BBB disruption, and also recruit neutrophils 

and other leukocytes, adding an inflammatory dimension to the cellular damage3. 

Mitochondria are the upstream regulators of the intrinsic pathway of neuronal cellular 

Saralkar et al. Page 2

Int J Pharm. Author manuscript; available in PMC 2021 March 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



apoptosis, with changes in the mitochondrial membrane integrity following ischemia and 

reperfusion injury lead to the initiation of cellular apoptosis, resulting in eventual cell death.

MitoNEET is a protein present in the outer mitochondrial membrane, which was discovered 

as an off-target binding site for the thiazolidinedione category of anti-diabetic drug 

pioglitazone4,5. It is a 14 kD protein that exists as a homodimer. MitoNEET contains two 

iron-sulfur clusters (2Fe-2S) that are responsible for its physiological actions6,7. The iron-

sulfur cluster is labile, and its stability within the protein is dependent on its oxidation state8. 

It participates in redox processes thereby regulating the bioenergetics of the cell, and can act 

as a sensor for ROS9. MitoNEET interacts with endogenous molecules that are involved in 

cellular respiration10,11. MitoNEET has been discovered to play a role in metabolic 

conditions, cancer as well as in neurodegenerative diseases12,13. Loss of MitoNEET has 

been implicated to cause neurodegeneration in Parkinson’s Disease and in spinal cord 

injury14,15. Pioglitazone, a mitoNEET ligand has shown to have neuroprotective effects after 

spinal cord injury16. However, keeping in mind about the anti-diabetic actions of 

pioglitazone, a mitoNEET specific ligand, NL-1, has been previously developed in our lab17. 

NL-1 has been shown to reduce rotenone induced cell death, and caused uncoupling of 

mitochondrial respiration. When tested with cardiac stem cells, it has been found to improve 

their survival under an environment of oxidative stress18. With the current background about 

mitoNEET and its ligand NL-1, we investigated the potential of NL-1 in treatment of 

cerebral ischemia reperfusion injury, by targeting the mitochondrial pathways of cell damage 

such as oxidative stress and apoptosis. The work presented involves development and 

characterization of polymeric nanoparticles for NL-1 delivery, and the in vitro efficacy 

testing. Although this study focuses only on the in vitro efficacy of NL-1 nanoparticles, the 

long term aim of this project is delivery of NL-1 to the brain for treatment of cerebral 

ischemia. This is the first report of the formulation of NL-1, a first in class mitoNEET ligand 

into a nanoparticle drug delivery system.

2. Materials and Methods

2.1. Materials

Acid end-capped PLGA Resomer RG 530H (50:50), amiloride hydrochloride hydrate, 

chlorpromazine hydrochloride, genistein, and thiazolyl blue tetrazolium bromide (MTT) 

were purchased from Sigma-Aldrich (St. Louis, MO). Polyvinyl alcohol was obtained from 

MP Biochemicals (Solon, OH). Kolliphor P188 was a generous gift from BASF Chemicals 

Company (Ludwigshafen, Germany). Rhodamine B was purchased from Fisher Chemicals 

(Fair Lawn, NJ). Solvents such as dichloromethane, ethyl acetate, methanol and LC-MS 

grade acetonitrile were also obtained from Fisher Chemicals. Triton-X 100 detergent was 

purchased from Acros Organics. B-tubulin primary antibody for immunostaining was 

purchased from Abcam (ab15568). AlexaFluor 488-conjugated Affinipure donkey anti-

rabbit secondary antibody was purchased from Jackson Immunoresearch Laboratories (West 

Grove, PA). Amplex Red Hydrogen Peroxide Kit was purchased from Invitrogen (A22188) 

(Carlsbad, CA). FITC Annexin V Apoptosis Detection Kit was obtained from BD 

Biosciences (catalog number: 556547) (Franklin Lane, NJ). The bEnd.3 cells and 

Dulbecco’s Modified Eagle’s Medium (DMEM) (catalog number 30-2002) were purchased 
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from American Type Cell Culture (ATCC, Manasas, VA). TrypLE Express and Fetal Bovine 

Serum (FBS) were purchased from Gibco.

2.2. Methods

2.2.1. Preparation of nanoparticles: PLGA nanoparticles loaded with NL-1 were 

prepared using emulsification and solvent evaporation technique. Acid-end capped PLGA 

was dissolved (2% w/v) in organic phase consisting of dichloromethane and ethyl acetate in 

a 1:1 ratio. This was emulsified with the aqueous phase consisting of 1% w/v PVA and 0.5% 

w/v Kolliphor P188 as emulsifying agents. The primary emulsion was achieved using 

ultrasonication process (Heat Systems Ultrasonics Inc., Model W-225). The nanoparticles 

were obtained after evaporation of the solvent by overnight stirring. The nanoparticles were 

separated from the unentrapped drug using a 10 cm Sephadex G-50 column. Finally, for long 

term storage, the nanoparticles were freeze dried using 5% mannitol as a cryoprotectant. The 

blank nanoparticles were prepared using the same procedure without adding NL-1 to the 

organic phase.

2.2.2. Characterization PLGA nanoparticles: Both blank and NL-1 loaded 

nanoparticles were characterized for their particle size. The particle size and polydispersity 

index analyses were carried out using the Malvern Zetasizer. The nanoparticle samples were 

diluted 1:100, and each formulation was measured in triplicate. The zeta potential of the 

nanoparticles was also measured using the Malvern Zetasizer. The particle size of freeze-

dried nanoparticles was measured by resuspending the nanoparticle powder in pure water at 

a concentration of 1 mg/mL. The stability of resuspended nanoparticles was determined by 

measuring the particle size of the suspension every week, for 60 days. Upon optimization of 

the formulations, Scanning Electron Microscopy (SEM) was used to determine the particle 

morphology as well as the size. The nanoparticle suspension was coated on a silica wafer 

and allowed to air dry. The dry film of nanoparticles was sputter coated with gold-palladium 

thin film using Denton Desk V sputter coater (Denton Vacuun, Moorestown, NJ). 

Subsequently, the particles were visualized using the Hitachi S4700 scanning electron 

microscope, at an operating voltage of 5 KV.

The physical state of nanoparticles was assessed using X-ray diffraction (XRD) technique. 

Four separate samples were analyzed that included the NL-1 drug in its pure form, blank 

PLGA nanoparticles, NL-1 loaded PLGA nanoparticles and a physical mixture of NL-1 drug 

and NL-1 loaded PLGA nanoparticles. Powder X-ray diffraction measurement was 

performed at room temperature using a PANalytical X’Pert Pro XRD equipped with Copper 

k-alpha 8047.2 eV X-ray source.

A modified LC-MS/MS method for NL-1 quantification was developed based on a 

previously described method19. The system comprised of ExionLC (SCIEX, Farmingham, 

MA) and an ABSciEx QTrap 5500 mass spectrometer. A Phenomenex Luna Omega UPLC 

column (100 x 2.1 mm, 1.6 μM) was used to elute NL-1 with an isocratic flow of acetonitrile 

and water (85:15) at 0.3 mL/minute. NL-1 fragment at 263.1 Daltons was used for 

quantification.
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The entrapment efficiency of NL-1 loaded PLGA nanoparticles was calculated by extracting 

the drug from about 10 mg lyophilized nanoparticles. One milliliter acetonitrile was added 

to the nanoparticles and subjected to ultrasonication for two minutes. The solution was then 

centrifuged at 12,000 rpm for ten minutes and the supernatant was used to quantify NL-1 

content. The percent entrapment efficiency of NL-1 was calculated using the following 

formula:

Percent entrapment efficiency of NL − 1 = Amount of NL − 1 measured upon extraction
Amount of NL − 1 used in formulation x100

2.2.3. In vitro release of NL-1—The in vitro release of NL-1 from the lyophilized 

nanoparticles was studied using Slide-A-Lyzer MINI Dialysis Units (Thermo Scientific, 

Waltham, MA), with a molecular weight cut-off of 3,500 Daltons. The release medium 

consisted of 20% v/v methanol in 0.1 M ammonium acetate buffer pH 7.4. About 10 mg 

nanoparticles were weighed and dispersed in 600 μL of release medium. Five hundred 

microliters of this suspension was packed in the dialysis units (donor compartment), and the 

units were set afloat in 10 mL of release medium in a 50 mL tube (recipient compartment). 

The tubes were incubated at 37 °C. For pure NL-1, an equivalent amount of NL-1 was 

prepared as a dilution in the release medium, using a methanol stock solution (5 mg/mL) of 

the drug. Five hundred microliters of the NL-1 dilution was added to the dialysis units, using 

the same set-up used for NL-1 nanoparticles. At fixed time points, 500 μL of liquid was 

sampled from the recipient compartments of both, pure NL-1 and NL-1 nanoparticles. An 

equivalent volume of release medium was replaced to keep the volume constant. Sink 

conditions were maintained throughout the release study. The sampled release medium was 

analyzed for NL-1 content using the LC-MS/MS method. The amount of NL-1 was plotted 

as percent cumulative released from the nanoparticles versus time.

2.2.4. Nanoparticle uptake studies—The nanoparticle uptake study was performed in 

mouse endothelial bEnd.3 cells (ATCC, Manassas, VA). Rhodamine labelled fluorescent 

nanoparticles were prepared using the aforementioned procedure, with the addition of 

rhodamine B to aqueous phase prior to ultrasonication. The nanoparticles were gel filtered to 

remove excess rhodamine, and were further cleaned by centrifugation. The pellet obtained 

after second wash was used for uptake studies on the cells. This optimization to reduce 

background fluorescence was performed using Nanosight NS300 (Malvern Panalytical) with 

a 532 nm laser, and 565 nm filter. For the uptake study, cells were plated in 6-well plates at a 

seeding density of 150,000 cells per plate. Cells were incubated with rhodamine 

nanoparticles dispersed in cell culture medium, for different time periods of 1, 3, 6, and 24 

hours. Once the incubation time was complete, the cells were washed thrice with PBS, 

trypsinized and collected in flow cytometry tubes. The cells were further washed and 

pelleted thrice with PBS within the tubes, and fixed with 0.4% paraformaldehyde. The 

samples were analyzed for rhodamine fluorescence by flow cytometry using the BD 

LSRFortessa 4 laser analyzer (Becton, Dickinson and Company, Franklin Lanes, NJ). The 

data were analyzed using the BD FACS Diva 8.0 software. To determine the effect of energy 

dependence of nanoparticle uptake, one plate of cells was pre-incubated at 4°C for 1 hour, 

after which the cells were treated with rhodamine nanoparticles at 4°C for a single time 
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point of 6 hours. The rhodamine nanoparticle uptake was analyzed using flow cytometry, 

following the same procedure. The mechanism of nanoparticle uptake was studied using 

specific uptake mechanism inhibitors. These included amiloride hydrochloride hydrate (100 

μM) for phagocytosis, chlorpromazine hydrochloride (3 μM) for clathrin mediated 

endocytosis, and genistein (400 μM) for lipid raft/ caveolar mediated endocytosis. The cells 

were pre-treated with the inhibitors separately for 1 hour, after which they were treated with 

rhodamine nanoparticles for a single time period of 6 hours, and analyzed for cellular uptake 

using flow cytometry.

2.2.5. Nanoparticle localization studies—Rhodamine nanoparticle localization was 

studied qualitatively by with immunohistochemistry. bEnd.3 cells were plated on coverslips 

and incubated with rhodamine labelled nanoparticles for a period of six hours. Upon 

completion of the incubation period, the cells were washed three times with PBS, fixed with 

4% paraformaldehyde for 15 minutes, and permeabilized with 0.1% Triton-X100 for 10 

minutes. Upon permeabilization, the cells were blocked with 10% v/v goat serum in 5% w/v 

bovine serum albumin (BSA). Subsequently, the cells were incubated in β-tubulin primary 

antibody (Abcam ab15568) overnight at 4°C. Alexa Fluor 488-conjugated AffiniPure 

donkey anti-rabbit IgG (Jackson Immuno Research Laboratories, West Grove, PA) was used 

as the secondary antibody in 5% BSA for two hours at room temperature. Finally, the cell 

nuclei were stained with DAPI (Thermo Scientific) for ten minutes, prior to mounting the 

coverslips on to slides. Cells were washed thrice with PBS between each step. The cells 

were imaged using Nikon A1R/SIM confocal and super resolution imaging microscope 

(Nikon, Tokyo, Japan).

2.2.6. In vitro ischemia model—The efficacy of NL-1 loaded nanoparticles to achieve 

neuroprotection following stroke was determined as a function of their ability to reduce 

generation of hydrogen peroxide and occurrence of apoptosis. An in vitro cerebral ischemia 

and reperfusion model was employed by exposing the cells to Oxygen and Glucose 

Deprivation (OGD). The process involved removal of regular cell culture medium and 

replacing the medium with the glucose deficient Hank’s Balanced Salt Solution (HBSS), 

containing 10% FBS. The cell plates were then transferred to the BioSpherix X3 Xvivo 

System hypoxia chamber, with 0.1-0.2% oxygen, 5% carbon dioxide with nitrogen making 

up the rest of gaseous flow. The temperature of hypoxia chamber was maintained at 37°C. 

The cells were incubated in hypoxia chamber for a specific time period of either 3 or 6 

hours. After the desired period of hypoxia, the glucose-free medium was replaced with 

normal cell growth medium and cells were incubated in normal growth environment for 24 

hours, mimicking the reperfusion following cerebral ischemia.

2.2.7. Effect of NL-1 nanoparticles on hydrogen peroxide generation 
following OGD—The in vitro efficacy of NL-1 nanoparticles in reducing generation of 

ROS was studied using Amplex Red assay (Thermo Scientific). bEnd.3 cells were plated in a 

black 96-well plate at a density of 10,000 cells per well. After 24 hours, cells were subjected 

to OGD. The cells were treated with NL-1 drug and an equivalent dose of NL-1 

nanoparticles during the period of recovery. After the 24-hour recovery, 50 μL of Amplex 

Red working reagent was added to each well and allowed to react in dark at room 
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temperature for 30 minutes. The amount of hydrogen peroxide in each well was measured 

by fluorimetry using the BioTek Synergy H1 plate reader (BioTek Instruments, Winooski, 

VT), at an excitation and emission wavelength of 530 nm and 590 nm, respectively. The data 

of each plate was normalized for the control wells of that plate, and then compared with 

other plate replicates.

2.2.8. Effect of NL-1 nanoparticles on cellular apoptosis following OGD—The 

ability of NL-1 nanoparticles to reduce apoptosis and enhance cell survival was determined 

in bEnd.3 cells using the Annexin V assay. Cells were plated in 6-well plates at a seeding 

density of 150,000 cells per well. After approximately 24 hours, cells were subjected to 

OGD, and allowed to recover with concurrent drug and nanoparticle treatments. 1 μM and 

10 μM were the two concentrations of NL-1 and an equivalent dose of nanoparticles tested. 

After about 24 hours, cells were stained with Annexin V-FITC and propidium iodide, 

following which, they were sorted into live, early apoptotic, late apoptotic and necrotic 

populations using BD LSRFortessa analyzer, and analyzed using the BD FACS Diva 8.0 

software. The cytoprotective ability of NL-1 nanoparticles was determined as a function of 

percentage of live cells present.

2.2.9. Toxicity studies on PLGA nanoparticles—The cytotoxicity of blank and 

NL-1 loaded PLGA nanoparticles was tested on hepatic HepG2 cells, using the MTT assay. 

Cells were plated in clear 96-well plates at a seeding density of 10,000 cells per well. The 

cells were treated with blank nanoparticle suspensions over a range of concentrations. A 

highest concentration of 10 mg/mL freeze dried nanoparticles was used for treatment. The 

cells were allowed to grow for 72 hours after treatments. Upon completion of the treatment 

incubation period, 50 μL of 1 mg/mL MTT solution was added to each well and the plates 

were incubated for two hours. After two hours, the MTT and media mix was aspirated, and 

the formazan crystals were dissolved in DMSO at 37°C, for one hour on a shaker at 150 rpm 

(Benchmark Incu-shaker mini). The analysis was carried out by measuring the absorbance at 

570 nm using the BioTek Synergy H1 plate reader (BioTek Instruments, Winooski, VT). All 

treatments were performed in triplicates.

Hemolysis studies on PLGA nanoparticles were performed based on a previously used 

method20, using mouse blood. The blood was centrifuged to remove plasma and serum. The 

blood was subsequently washed thrice with 0.9% normal saline, and the volume was made 

up to original volume after the third wash. The blood solution was further diluted 1:10 in 

normal saline for the assay. An approximate dose of 5 mg/kg for a mouse was calculated, 

and the required amount of freeze dried nanoparticles were weighed and resuspended in 

0.9% normal saline. Following treatments were used: blank nanoparticles, NL-1 loaded 

nanoparticles, 10 μM NL-1 drug, negative control (0.9% normal saline), and positive control 

(1% Triton X-100). One hundred microliters of the treatment solutions were diluted with 

700 μL 0.9% normal saline, to which 200 μL of blood cells were added. The tubes were 

incubated at 37°C for 1 hour. After incubation, the tubes were centrifuged, and the 

supernatant was used for analysis. The sample absorbance was measured at 405 nm and the 

percent hemolysis was calculated using the following formula:
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Sample absorbance − absorbance of negative control
Absorbance of positive control − absorbance of negative controlx100

2.2.10. Statistical analysis: Statistical analysis of data obtained was carried out by 

Graphpad Prism 7.04 (Graphpad Software, CA) using one-way ANOVA followed by 

Dunnett’s post hoc test for comparison of multiple groups. The graphs were prepared using 

GraphPad Prism 7.04. Data are presented as mean with standard deviations. A statistically 

significant difference between groups was considered if the p value was <0.05.

3. Results and Discussion

The goal of the current study was to formulate the mitoNEET ligand, NL-1, into a 

nanoparticle dosage form, for use in ischemia reperfusion injury. Targeting mitochondrial 

dysfunction poststroke is an attractive drug target, as both neuronal cells and blood—brain 

barrier endothelium cells are affected with ischemia reperfusion injury. Here we were able to 

develop formulation strategy for NL-1, with an optimized activity profile in contrast to the 

drug alone.

3.1. Preparation and characterization of NL-1 loaded PLGA nanoparticles

The blank and NL-1 loaded PLGA nanoparticles were prepared successfully using 

emulsification and solvent evaporation technique. The formulation employed acid end 

capped PLGA, a biodegradable polymer, which hydrolyzes into the inert lactic acid and 

glycolic acid residues21. Emulsification and solvent evaporation is a commonly used 

technique for the preparation of PLGA nanoparticles. The polymer is dissolved in organic 

solvent that is present as globules in the continuous aqueous phase, stabilized on the 

interface by the surfactants (PVA and Kolliphor P188). During solvent evaporation, the 

solvent diffuses into the continuous external phase, causing the formation of nanoparticles 

upon aggregation and desolvation of the globules22. Formulation parameters such as solvent, 

surfactants and their concentrations, polymer concentrations were studied to arrive at the 

final formulation. The choice of solvent used to dissolve polymer can be critical, as the 

nanoparticle size is a function of solvent diffusion out of the droplets during evaporation23. 

Dichloromethane, ethyl acetate and acetone were tried as solvents alone and in combination. 

Surfactants align at the organic-aqueous interface and stabilize the system by reducing the 

interfacial tension24. Thus, the use of an ideal surfactant would dictate the stability of the 

formulation. Non-ionic surfactants such as PVA, Kolliphor P188, and Kolliphor P407 were 

tried at concentrations of 0.5% w/v and 1% w/v, as well as in combinations. The surfactant 

combination yielding the most stable formulation, without affecting the particle size range 

was found to be 1% w/v PVA and 0.5% w/v Kolliphor P188. Finally, the concentration of 

PLGA to be used (2% w/v) was decided based upon the gradual increase in particle size 

observed with increasing PLGA concentration. Higher aggregation observed at PLGA 

concentrations above 3% w/v made it imperative to limit the PLGA concentrations at 2%. 

Size exclusion chromatography is a frequently used technique for the separation of the 

unentrapped drug from the obtained nanoparticles25–27. The free NL-1 was separated from 

the PLGA nanoparticles using the Sephadex G-50 column for size exclusion. PLGA 
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nanoparticles in aqueous solution could be vulnerable to hydrolytic cleavage, resulting in 

instability of the nanoparticles. Hence, the formulation was freeze dried for long-term 

storage. The use of a cryoprotectant such as mannitol during freeze drying was warranted in 

order to prevent physical damage to the nanoparticles due to mechanical stress of freezing 

and dehydration28,29. The use of cryoprotectant also allows for rapid redispersion of the 

nanoparticles back into an aqueous solution28.

3.1.1. Particle size and zeta potential—The nanosuspension and the freeze-dried 

nanoparticles were characterized for their particle size and zeta potential. The particle size of 

blank and NL-1 loaded nanoparticles was found to be 121.9 ± 20.6 nm (n=5) and 123.9 ± 

17.1 nm (n=12), respectively. The polydispersity index (PDI) of blank nanoparticles was 

found to be 0.17 ± 0.09, whereas the NL-1 loaded nanoparticles have a greater PDI of 0.27 ± 

0.08. The particle size of freeze-dried nanoparticles upon resuspension was found to have 

increased to 175.6 ± 6.8 nm (n=12), while the PDI was found to be 0.10 ± 0.02. The zeta 

potential of blank and NL-1 loaded nanoparticles was found to be −16.8 ± 5.8 m V (n=3) 

and −26.2 ± 1.3 mV (n=3), respectively. The results for particle size and zeta potential 

results are summarized in Table 1. The freeze-dried nanoparticles in suspension were found 

to maintain their particle size in the range of 168-180 nm over a period of 60 days (data not 

shown). SEM imaging showed a spherical morphology for blank and NL-1 loaded 

nanoparticles. Figure 1 shows the SEM images for blank and NL-1 loaded nanoparticles. 

SEM confirmed the particle sizing results, as the nanoparticles were found to be in the 

general size range of 100 nm. The NL-1 nanoparticles are intended for delivery to treat 

ischemic stroke in the long term, which would require them to traverse the blood brain 

barrier (BBB). A nanoparticle size of under 200 nm has been found to be desirable for 

effective treatment of diseases of the CNS30–32. The particle size of NL-1 loaded PLGA 

nanoparticles in suspension as well as upon redispersion was found to be under 200 nm. The 

zeta potential of the nanoparticles was found to be in the moderately negative range 

(anionic). This was expected due to the use of acid-end capped PLGA during nanoparticle 

synthesis. For the purposes of formulation stability, a zeta potential further away from the 

neutral range is preferred, as repulsion between similarly charged particles is likely to 

prevent their aggregation. Nanoparticle surface charge has been found to have an impact on 

the BBB and their brain uptake as well. A low concentration anionic nanoparticles were 

found to be non-toxic to the BBB, and also showed a higher brain uptake33. This 

formulation thus has a potential for efficient delivery of NL-1 to the ischemic region in the 

brain, and at the same time not have a global BBB disruptive effect.

3.1.2. Analytical method and entrapment efficiency—The LC-MS/MS method for 

analysis of NL-1 was successfully modified and used for studying the entrapment efficiency 

of NL-1 and the in vitro release. The entrapment efficiency of NL-1 in the current PLGA 

formulation was found to be 59.7 ± 10.1 %.

3.1.3. X-ray diffraction analysis—To determine the physical state of NL-1 in the 

nanoparticles, X-ray diffraction was performed on NL-1 drug, blank nanoparticles, NL-1 

loaded nanoparticles, and a physical mixture of NL-1 drug and blank nanoparticles, as 

shown in figure 2. NL-1 drug was found to show a very specific X-ray diffraction pattern, 
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with multiple sharp peaks. The patterns of blank and NL-1 loaded nanoparticles were found 

to almost coincide, showing that these have similar physical character. The pattern obtained 

for physical mixture of NL-1 drug and blank nanoparticles showed an intermediate pattern. 

The NL-1 peaks were clearly seen, along with the peaks seen with the nanoparticle only 

samples, albeit of lesser intensity. These results indicate that NL-1 is present in a different 

physical state in the nanoparticles, in contrast to its native crystalline form, and there is a 

definite reduction in crystallinity of the drug. The physical state of drug can impact the 

release of the drug from the nanoparticles, with crystalline form offering impedance34. The 

presence of NL-1 in a non-crystalline form (amorphous or dissolved) could lead to an 

efficient drug release.

3.2. In vitro release of NL-1 from nanoparticles

The in vitro release of NL-1 and NL-1 from the PLGA nanoparticles was plotted as 

cumulative percent release as a function of time, shown in figure 3. It was seen that NL-1 

drug and NL-1 nanoparticles had a 78.7 ± 21.6% and 79.1 ± 7.2% drug release after a time 

period of 24 hours, respectively. NL-1 drug was found to have a faster diffusion as compared 

to the release of NL-1 from formulation up to a 12 hour period. NL-1 and NL-1 

nanoparticles have a 50% release at about 4 and 14 hours, respectively. The in vitro release 

studies demonstrate that the PLGA nanoparticles have a slower release of NL-1 as compared 

to the pure NL-1 drug. The release is slower during the phase up to 24 hours. The 

nanoparticles do not sustain the release of NL-1, as the eventual plateau phase of release is 

reached concurrently for both, the pure drug and the nanoparticles, at 48 hours. The non-

sustained release of NL-1 is suited for the acute injury in this type of neurodegeneration 

following stroke as it is a time dependent phenomenon. A successful rescue of greater 

percentage of cells would require a quicker drug treatment.

The release models that showed the best fit include Korsmeyer-Peppas (R2: 0.9933), and 

first order release model (R2: 0.9812). The R2 values obtained for the other models are 

summarized in table 2. The exponent for Korsmeyer-Peppas fit was found to be 0.768. The 

Korsmeyer-Peppas model of drug release is used for the first 60% of the release data, and 

can be helpful in determining the mechanism of drug release35,36. The exponent of 0.768 in 

the Korsmeyer-Peppas fit of the release kinetics points toward non-Fickian or anomalous 

release being the primary release mechanism of NL-1. The release of NL-1 from PLGA 

nanoparticles is a possible combination of NL-1 diffusion and PLGA erosion. A drawback 

of Korsmeyer-Peppas release model is that fact that it is used only for first 60% of the drug 

released. When the entire release data was fit to a model, it was found to be close to first-

order model. First order kinetics imply that the release of drug from the nanoparticles is 

dependent on the concentration of the drug present in the system.

3.3. Cellular uptake of nanoparticles

The first step toward effective treatment of cells by nanoparticles would require uptake of 

the nanoparticles by the cells. Rhodamine nanoparticles were prepared and characterized for 

particle size under a fluorescent filter on the Nanosight (data not shown). This was useful in 

optimizing the wash-outs needed for the nanoparticles to eliminate background fluorescence, 

and to confirm the presence of fluorescent nanoparticles. The studies were performed in 
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bEnd.3 endothelial cells, a commonly used model for in vitro stroke studies37–39. The time-

dependent uptake of rhodamine nanoparticles in bEnd.3 cells was analyzed using flow 

cytometry analysis. Figure 4 shows an overlay for the representative flow cytometry 

histograms for each time point, along with the uptake quantification. Two negative controls, 

untreated cells and cells treated with blank nanoparticles showed low fluorescence 

intensities as seen in the histograms. The positive control of rhodamine nanoparticles had 

high fluorescence intensity, indicated with a right shift in the histogram (data not shown). 

The rhodamine nanoparticle treated cells showed a marginal shift beyond the threshold 

value. Upon quantification, it was found that 1 hour incubation showed a significantly higher 

rhodamine fluorescence as compared to the negative controls. The uptake was found to be 

significantly higher at 3 hours as compared to 1 hour. However, after 3 hours the uptake 

showed a plateauing as there was no statistically significant difference in fluorescence 

intensities at 3, 6 and 24 hours. The significantly higher uptake after 1 hour could possibly 

be beneficial for cell rescue, which can be a time sensitive phenomenon.

We tested the energy dependence of rhodamine nanoparticle uptake by comparing uptake at 

37°C to that of 4°C (figure 5). Compared to the nanoparticle uptake at 37°C, the uptake was 

significantly lowered during treatment at 4°C, as seen from the left shift in the fluorescence 

histogram. The fluorescence intensity at 4°C was similar to the negative control with no 

significant difference between the two. This could suggest that the functioning of proteins 

and enzymes involved in endocytosis is inhibited at lower temperatures and is an energy-

dependent active process.

We further tried to delineate the mechanism of nanoparticle uptake by treating cells with 

specific uptake inhibitors, such as amiloride hydrochloride hydrate for phagocytosis, 

chlorpromazine hydrochloride for receptor mediated endocytosis, and genistein for caveolar 

mediated endocytosis. The uptake was quantified by measuring the rhodamine fluorescence 

by flow cytometry (figure 6). The most prominent mechanisms of nanoparticle uptake into 

cells include phagocytosis, clathrin mediated endocytosis, and caveolar/lipid raft 

endocytosis. Phagocytosis is an actin-dependent uptake mechanism, which is generally 

mediated by specialized cells such as macrophages, suitable to particles around 500 nm in 

size40. Clathrin mediated endocytosis involves binding of cargo (nanoparticles) to specific 

receptors on the cell surface, leading to downstream recruitment of proteins that help 

internalize the nanoparticles into a ‘coated pits’41. Caveolar endocytosis is mediated by 

components of lipid rafts and occurs in cholesterol rich regions of the plasma membrane. 

These are vesicles formed by cell membrane invaginations42. Each of the above mechanism 

was individually inhibited by using specific inhibitors. A single concentration of inhibitors 

was used for each mechanism, based on literature41–43.The caveolar endocytosis inhibitor 

genistein was found to significantly reduce the uptake of rhodamine nanoparticles into 

bEnd.3 cells to 61.8% as compared to the uptake into untreated cells. Amiloride HCl and 

Chlorpromazine HCl which inhibit phagocytosis and clathrin mediated endocytosis, 

respectively, were found to have no significant effect on rhodamine nanoparticle uptake. 

Lipid raft or caveolar mediated endocytosis was thus found to be the prominent mode of 

nanoparticle uptake. Genistein is an inhibitor of receptor associated tyrosine kinases, 

involved in the caveolar uptake mechanism44. The caveolar invaginations can be in the size 

range of 50-200 nm, which would explain the endocytosis of these nanoparticles through 
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this mechanism. Moreover, nanoparticles with an anionic surface charge are known to 

interact with the cationic lipid components of the lipid rafts in the cell membrane which 

further explains the mechanism used by the nanoparticles for their uptake45.

3.4. Cellular localization of nanoparticles

Upon their uptake, it is important that the nanoparticles localize around the site of action of 

the drug they intend to deliver. The cellular localization studies were performed using 

fluorescent rhodamine nanoparticles as seen in figure 7. Confocal microscopy was used to 

image the nanoparticles in bEnd.3 cells that were immunostained for β-tubulin (green) and 

nucleus was stained with DAPI (blue). The advantage of using confocal microscopy was the 

ability to image z-stacks, which provides a better understanding of the position of the 

nanoparticles within the cell, as compared to a two-dimensional image. The images are 

shown as individual channels of DAPI for nucleus, FITC for β-tubulin and red for 

rhodamine. The merged image shows localization of nanoparticles in the cytoplasmic region 

of the cells, within the tubulin cytoskeleton. The second panel (figure 7, E–H) shows the z-

stack images of cells, which confirm the presence of rhodamine nanoparticles in the 

cytoplasm of the cells. Figure 7I shows a super resolution image, with nanoparticle 

localization in the cytoplasm. Cytoplasmic localization of nanoparticles is necessary for the 

activity of NL-1 as a mitoNEET ligand. MitoNEET is present in the outer mitochondrial 

membrane, and is oriented toward the cytoplasm46.

3.5. In vitro ischemia model for efficacy studies

The efficacy studies for NL-1 loaded PLGA nanoparticles were performed using the in vitro 
OGD model to mimic stroke. The studies were performed in bEnd.3 endothelial cells, a 

commonly used model for in vitro stroke studies37–39. HBSS supplemented with 10% FBS 

was used as the glucose-free medium for cell incubation in the hypoxia chamber47,48. 

Cellular toxicity following ischemic stroke is multimodal, mediated via multiple 

mechanisms. Cell damage due to generation of ROS and induction of apoptosis cascade are 

two of the primary causes of cytotoxicity. Both of these mechanisms are mitochondrial in 

origin and relevant sites of intervention for NL-1, since it binds the mitochondrial protein 

mitoNEET. We investigated the effect of NL-1 nanoparticle treatment on both of these 

physiologic events.

3.6. NL-1 nanoparticles reduce hydrogen peroxide generation

An important ROS mediator generated in mitochondria is the superoxide radical. However, 

measurement of superoxide produced in the mitochondria can be challenging due to the 

inability of probes to permeate the outer mitochondrial membrane. Hydrogen peroxide is 

formed as a dismutation product of superoxide radical by mitochondrial manganese 

superoxide dismutase enzyme49. It diffuses across the outer mitochondrial membrane into 

the extra mitochondrial space, wherein it can be quantified50. We determined the effect of 

NL-1 nanoparticles on peroxide generation using the sensitive fluorimetric Amplex Red 

assay51. Amplex Red is a colorless substance that reacts with hydrogen peroxide in presence 

of horseradish peroxidase in a 1:1 stoichiometry to yield a stable fluorescent compound 

called resorufin52,53. The primary challenge with this assay involves prevention of light 
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exposure of Amplex red reagent for longer periods, and artificial generation of hydrogen 

peroxide by light exposure of resorufin54,55.

The efficacy of NL-1 nanoparticles in reducing ROS generation was studied by subjecting 

bEnd.3 cells to OGD conditions for a period of 3 or 6 hours, and a reperfusion period of 24 

hours (figure 8). The hydrogen peroxide produced was measured using the Amplex Red 

assay, and each treatment was compared to control. It was found that the NL-1 nanoparticles 

had a significant effect in reducing the peroxide produced at a NL-1 dose of 2.5 μM, for a 

stroke period of 3 hours. However, the efficacy of NL-1 nanoparticles was seen to decrease 

for a stroke period of 6 hours, as significant reduction in peroxide levels was only seen at 10 

μM and 20 μM NL-1 dose. Figures 8C and 8D compare the effect of nanoparticles against 

that of pure NL-1 drug. For 3 hour OGDR, NL-1 loaded nanoparticles were found to be 

more efficacious as compared to NL-1 drug, while such an effect was not seen at 6 hour 

ischemia period. The results indicate that NL-1 nanoparticles are more effective at the 

shorter ischemic period of 3 hours as seen from the dose response of NL-1 nanoparticles in 

reducing the peroxide generation. A possible explanation for this could be that other 

mechanisms of cell damage might predominate for a longer duration of ischemia. ROS 

generation could likely be the predominant mode of cell toxicity at the shorter ischemic 

period. Cell damage due to ROS has been implicated in the earlier time period of 

ischemia56. We also compared the NL-1 nanoparticles to pure NL-1 drug in their ability to 

reduce the peroxide generation. NL-1 nanoparticles had a greater efficacy as compared to 

NL-1 drug during the shorter ischemia period. However, this effect was not seen for 6 hour 

ischemia period.

3.7. NL-1 nanoparticles improve cell survival and reduce apoptosis

The second mechanism of cell death that has a mitochondrial dimension is apoptosis. The 

ability of NL-1 nanoparticles in checking apoptosis and in turn improving the cell survival 

was determined with the Annexin V apoptosis assay (figure 9), which is commonly 

employed to detect apoptotic and necrotic cell populations57,58. The cells were exposed to 

either 3 or 6 hours of ischemia, with subsequent treatment with 1 μM and 10 μM of NL-1 

and equivalent dose of NL-1 nanoparticles. The cells were differentiated into four categories 

based on their staining. The live cells are unstained, the cells in early apoptosis pick up a 

stronger signal of Annexin V-FITC, while the cells in late apoptosis and necrotic phase have 

a strong PI signal. The results are expressed as percent survival of cells and percent of cells 

in late apoptotic phase. Figure 9 A–D are representative images showing flow cytometry 

data, and quantified in Figure 9E–H. The cells undergoing apoptosis were predominantly 

found to be in the late apoptotic stage. The cell survival for control for 3 hour ischemia was 

found to be 44.4 ± 2.8%. NL-1 drug improved cells survival to 58.3 ± 2.3% at a 

concentration of 10 μM, however no significant improvement in cell survival was seen at 1 

μM concentration. In contrast, the equivalent dose of nanoparticles significantly improved 

cell survival at both 1 μM (57.5 ± 3.0%) and 10 μM dose (65.7 ± 0.2 %). Correspondingly, 

there was a decrease in the percent of cells in late apoptosis for 10 μM NL-1, 1 μM NL-1 

nanoparticles and 10 μM NL-1 nanoparticles. The NL-1 nanoparticles showed a significantly 

higher efficacy as compared to the corresponding concentration of NL-1 drug. For an 

ischemic period of 6 hours, the control showed a survival of 40.4 ± 1.1%. NL-1 drug showed 

Saralkar et al. Page 13

Int J Pharm. Author manuscript; available in PMC 2021 March 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



improved cell survival at both 1 μM (56.2 ± 1.4%) and 10 μM (71.0 ± 1.4%). Enhanced cell 

survival was also seen for NL-1 nanoparticles at 1 μM (57.3 ± 2.3%) and 10 μM (69.8 ± 

4.3%) concentrations. A corresponding significant decrease was seen in the percentage of 

cells in late apoptosis for all treatments. However, there was no significant difference in the 

efficacy of NL-1 nanoparticles and the NL-1 drug for the 6 hour ischemic period.

We found higher protective activity of the NL-1 nanoparticles as compared to NL-1 drug-

alone at the 3 hour ischemia period, however these results are not seen at the longer ischemia 

duration of 6 hours. Although the NL-1 nanoparticles showed a greater cell survival at both 

concentrations, the drug by itself was not effective at 1 μM for 3 hour ischemia period. 

Apoptosis in cerebral ischemia has previously been described to be a biphasic event, in 

which the apoptosis mediated by mitochondria occurs at a later stage59. It can be speculated 

that improved activity of NL-1 for longer ischemia period is a possible result of increased 

mitochondrial involvement in the apoptotic mechanisms. Further studies are needed to 

confirm this hypothesis. Overall, the system helped reduce apoptotic populations of bEnd.3 

cells.

3.8. NL-1 nanoparticle formulation was non-toxic

The inherent toxicity of blank and NL-1 loaded PLGA nanoparticles was studied using MTT 

cytotoxicity assay on hepatic HepG2 cells (figure 10A). Since liver is a primary metabolic 

organ, we chose to perform this test on liver cells. A wide concentration range of blank 

nanoparticles was used for the assay, with the highest concentration of 10 mg/mL. HepG2 

cell survival was found to be about 95.9 ± 5.6% at a nanoparticle concentration of 1 mg/mL 

and was found to reduce to 68.2 ± 2.5% at the highest treatment concentration of 10 mg/mL, 

in blank PLGA nanoparticles. For NL-1 loaded nanoparticles, the cell survival was found to 

be 80.4 ± 11.4%, and 58.1 ± 7.8% at 1 mg/mL and 10 mg/mL, respectively. The survival 

curve shows that even the highest concentration of both, blank and NL-1-loaded PLGA 

nanoparticles did not induce a 50% cell death, and an IC50 value could not be established. 

The concentration of 10 mg/mL was at least five times higher than the highest concentration 

of nanoparticles used for efficacy studies. This is indicative that the results obtained were not 

affected by any inherent nanoparticle toxicity.

The second toxicity parameter that was investigated was the potential of PLGA 

nanoparticles to cause hemolysis of erythrocytes, since the nanoparticles are intended for 

intravenous administration (figure 10B). This assay is indicative of effect of the 

nanoparticles on cell membrane integrity60. The blood cells were incubated with NL-1 drug, 

blank nanoparticles and NL-1 loaded nanoparticles, and the absorbance was measured as a 

function of hemolysis. The positive control of 1% v/v Triton X-100 NL-1 showed 100% 

hemolysis. The NL-1 drug was found to have a slightly higher hemolysis as compared to 

blank and NL-1 loaded nanoparticles, which showed an almost zero percent hemolysis. The 

results obtained show that neither the blank nor the NL-1 loaded nanoparticles showed any 

hemolytic activity. PLGA nanoparticles have been found to have non-existent hemolysis60, 

which was confirmed with the current assay. Thus, the formulation was deemed safe for 

intravenous administration.
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Conclusion:

In this study, we developed nanoparticles drug delivery vehicle for the delivery of NL-1 to 

the mitochondrial target mitoNEET, in treatment of cerebral ischemia and reperfusion injury. 

NL-1 loaded PLGA nanoparticles were prepared using emulsification and solvent 

evaporation technique, and subsequently characterized for size, zeta potential, physical state, 

and entrapment. In vitro analysis of nanoparticles was performed to understand the release 

kinetics of NL-1. Nanoparticle uptake studies were performed in bEnd.3 cells, with 

emphasis on mechanism of uptake and its energy dependence. The NPs were effective in 

reducing hydrogen peroxide generation after ischemia in cells. Also, NL-1 nanoparticles 

were also successful in enhancing the cell survival by reducing cell apoptosis, following 

OGD conditions. This study helps to establish the basis for the use of NL-1 as a stroke 

therapeutic agent for future in vivo stroke studies. However, further investigation is needed 

in the aspect of mechanism of protection by NL-1 to the differences seen in the cell death 

mechanisms based on time of ischemic exposure in vivo.
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Figure 1: 
SEM images of blank PLGA nanoparticles (A) and NL-1 loaded PLGA nanoparticles (B). 

Each unit on the scale represents 100 nm.
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Figure2: 
Powder X-ray diffraction pattern for NL-1 drug, NL-1 drug and blank nanoparticles physical 

mixture, blank PLGA nanoparticles, and NL-1 loaded PLGA nanoparticles.
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Figure 3: 
In vitro drug release profile for NL-1 drug and NL-1 from PLGA nanoparticles. Data are 

plotted as total percent cumulative NL-1 released versus time.
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Figure 4: 
Cellular uptake of rhodamine nanoparticles in bEnd.3 cells. The flow cytometry histograms 

(left) are representatives for cell control, blank nanoparticles, and each time point for 

rhodamine nanoparticles. The graph (right) shows the quantification of rhodamine 

nanoparticle uptake (***p<0.001, ****p<0.0001).

Saralkar et al. Page 22

Int J Pharm. Author manuscript; available in PMC 2021 March 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5: 
Energy dependence of nanoparticle uptake in bEnd.3 cells. Comparative flow cytometry 

histograms (left) for cell control, and rhodamine nanoparticle uptake at 37°C and at 4°C. 

Graphical representation (right) of fluorescence intensities shows a significantly decreased 

uptake at 4°C (****p<0.0001).
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Figure 6: 
Mechanism of rhodamine nanoparticle uptake in bEnd.3 cells. Flow cytometry histograms 

(left) are representatives of cell blank, rhodamine nanoparticles alone and with uptake 

inhibitor treatments. The plot (right) indicates the quantification of fluorescence intensity 

with respective uptake inhibitors, with genistein treatment showing significant reduction in 

uptake (**p<0.01).
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Figure 7: 
Confocal microscopy z-stack images for cellular localization of rhodamine nanoparticles in 

bEnd.3 cells showing nanoparticle localization in the cytoplasm. Cell nuclei stained blue 

with DAPI (A and E), tubulin stained green (B and F), red rhodamine nanoparticles (C and 

G). Images D and H show a merge of individual channels. Image I shows a super resolution 

image of rhodamine nanoparticles being localized in the cytoplasmic tubulin cytoskeleton.
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Figure 8: 
Effect of NL-1 nanoparticle treatment on generation of hydrogen peroxide in bEnd.3 cells 

after 3 hours (A) and 6 hours (B) of OGD. The control was considered as 100% in order to 

normalize values for multiple plates. The bottom panel shows a comparison in activity of 

NL-1 drug and NL-1 nanoparticles after 3 hours (C) and 6 hours (D) of OGD.
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Figure 9: 
Effect of NL-1 and NL-1 nanoparticles on apoptosis in bEnd.3 cells following ischemia and 

reperfusion. Figures A-D are representative flow cytometry data for cell blank (A), 3 hour 

OGD (B), and 3 hour OGD with NL-1 (C) and 3 hour OGD with NL-1 nanoparticles (D). 

Each figure shows four quadrants: live (bottom left), early apoptotic phase (bottom right), 

late apoptotic phase (top right), and necrotic (top left) cell populations. Results are indicated 

in terms of improvement in cell survival at 3 hours (E) and 6 hours (F) ischemic period, as 

well as the reduction in late stage apoptosis after 3 hours (G) and 6 hours (H) of ischemia 

(*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Figure 10: 
Toxicity profile of PLGA nanoparticles. MTT cytotoxicity assay results indicate a relatively 

safe profile for blank and NL-1 loaded PLGA nanoparticles at the highest concentration of 

10 mg/mL (A). NL-1, blank and NL-1 loaded nanoparticles showed a negligible hemolytic 

activity (B).
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Table 1:

Particle size, polydispersity index and zeta potential of blank, NL-1 loaded and freeze dried nanoparticles

Particle Size (nm) Polydispersity Index Zeta Potential (mV)

Blank PLGA NP 121.9 ± 20.6 (n=5) 0.17 ± 0.09 −16.8 ± 5.8

NL-1 loaded PLGA NP 123.9 ± 17.1 (n=12) 0.27 ± 0.08 −26.2 ± 1.3

Freeze dried nanoparticles upon re-dispersion 175.6 ± 6.8 (n=12) 0.10 ± 0.02 −26.2 ± 1.3
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Table 2:

Summary of plots used for release modelling and the correlation coefficients obtained for the corresponding 

plots

Model name Graph plotted R2 value

Zero order % cumulative released vs time 0.9049

First order Log(cumulative % drug remaining) vs time 0.9812

Hixson-Crowell cube root model Cube root of % drug remaining vs time 0.9674

Higuchi model % cumulative released vs square root of time 0.9798

Korsmeyer-Peppas model (first 60%) Log(% cumulative released) vs log(time) 0.9933
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