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Abstract

Nimodipine (NM) is the only FDA-approved drug for treating subarachnoid hemorrhage
induced vasospasm. NM has poor oral bioavailability (5–13%) due to its low aqueous solubility,
and extensive first pass metabolism. The objective of this study is to develop radiolabeled NM-
loaded LPM and to test its ability prolong its circulation time, reduce its frequency of
administration and eventually target it to the brain tissue. NM was radiolabeled with 99mTc by
direct labeling method using sodium dithionite. Different reaction conditions that affect the
radiolabeling yield were studied. The in vivo pharmacokinetic behavior of the optimum NM-
loaded LPM formulation in blood, heart, and brain tissue was compared with NM solution, after
intravenous and intranasal administration. Results show that the radioactivity percentage (%ID/
g) in the heart of mice following administration of 99mTc-NM loaded LPM were lower compared
with that following administration of 99mTc-NM solution, which is greatly beneficial to minimize
the cardiovascular side effects. Results also show that the %ID/g in the blood, and brain
following intravenous administration of 99mTc-NM-loaded LPM were higher at all sampling
intervals compared with that following intravenous administration of 99mTc-NM solution. This
would be greatly beneficial for the treatment of neurovascular diseases. The drug-targeting
efficiency of NM to the brain after intranasal administration was calculated to be 1872.82%. The
significant increase in drug solubility, enhanced drug absorption and the long circulation time
of the NM-loaded LPM could be promising to improve nasal and parenteral delivery of NM.
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Introduction

Nimodipine (NM), a 1,4-dihydropyridine calcium channel

blocker, has been shown to dilate cerebral arterioles and

increase cerebral blood flow, thus has been reported to possess

beneficial activity in the treatment of several cerebrovascular

disorders, such as cerebrovascular spasm, stroke, and migraine.

The therapeutic use of NM includes treatment of subarachnoid

hemorrhage, focal or global ischemia, and epilepsy. NM is the

only FDA-approved drug for treating subarachnoid hemor-

rhage-induced vasospasm. National and international guide-

lines recommend the administration of 60 mg of oral NM every

4 h in patients suffering from subarachnoid hemorrhage

(Connolly et al., 2012; Steiner et al., 2013). A well-known

and important side effect of NM is a significant reduction in the

mean arterial pressure and cerebral perfusion pressure

(Diringer et al., 2011; Sandow et al., 2016). Oral administra-

tion of NM has several limitations and disadvantages. Being a

Class II drug (according of the Biopharmaceutical

Classification System), NM suffers from a problem of poor

aqueous solubility (3.86 mg/mL). NM also suffers from limited

oral bioavailability (5–13%) and clinical efficacy as a result

from extensive first pass metabolism in the liver. Thus,

intravenous administration is the most common route for NM

in case of emergency. However, intravenous administration of

NM has several problems. Hypotension, bradycardia, arrhyth-

mias, and eventually death may occur when NM is given

parenterally at high doses. Commercial NM injection is

prepared by solubilizing NM with 40% solvent mixture:

23.7% (v/v) ethanol and 17% (v/v) PEG 400. According to the

intravenous dosage regimen, this formulation requires a time-

consuming administration (about 10 h by infusion pump)

(Xiong et al., 2008). Moreover, NM ethanol injections may

cause local adverse reactions at the administration site, such as

pain and inflammation (Soliman et al., 2010). In addition,
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crystallization caused by the poor water solubility of NM can

also occur when the NM injection is diluted by injection

solutions, which is dangerous to patients (Song et al., 2012).

Consequently, the application of these NM commercial

injections has been limited by their high medication cost,

low patient compliance, and safety considerations.

As an alternative approach, few attempts were investigated

to promote the intravenous delivery of NM via encapsulation

in suitable nanosized mixed micelles (Song et al., 2012). The

feasibility of long-term, continuous, intra-arterial NM treat-

ment and its effects on macrovasospasm, autoregulation

parameters and outcome were evaluated in patients with

refractory severe macrovasospasm (Hockel et al., 2016).

In fact, novel formulations which promote safe as well as

better clinic application of NM are urgently needed. Thus,

there is a pressing need to develop a safe, injectable formu-

lation for NM by means of pharmaceutics. Pluronics are

triblock copolymers of poly(ethylene oxide) (PEO) and

poly(propylene oxide) (PPO) with the structure PEO–PPO–

PEO. Pluronics show low cytotoxicity and weak immunogen-

icity after topical and systemic administration although they

are not biodegradable polymers. This may be due to having

molecular weight less than 15 kDa which could be easily

filtered and cleared by the kidney (Huang et al., 2009).

Pluronic micelles have a core–shell structure with hydrophobic

core acting as solubilization depot for the non-polar drugs and

hydrophilic corona preventing aggregation, protein adsorption,

and recognition by the reticulo-endothelial system, which leads

to longer blood circulation time. Also, the small size of

polymeric micelles (5100 nm) could increase blood circulation

time due to escaping from capturing by the mononuclear

phagocytic system in the liver and bypassing the filtration of

inter-endothelial cells in the spleen (El-Dahmy et al., 2014).

In our previous study, NM-loaded Lipo-Pluronic micelles

(LPM) were successfully prepared, and tested for brain

targeting via the oral route compared with the oral solution

(Basalious & Shamma, 2015). The objective of this study is to

develop radiolabeled NM-loaded LPM and to test its ability to

prolong its circulation time, reduce its frequency of admin-

istration and eventually target it to the brain tissue. NM-

loaded LPM were evaluated for drug payload, solubilization

efficiency (SE), micelles size, and zeta potential. The in vivo

pharmacokinetic behavior of the optimum LPM formulation

in blood and brain tissue was compared with NM solution.

Material

NM was kindly donated by Marcyl for pharmaceutical

industries (Cairo, Egypt). Difunctional block copolymers of

ethylene oxide/propylene oxide [Pluronic� F127 and

Pluronic�P123] were purchased from Sigma chemicals com-

pany (St. Louis, MO). L-a-Phosphatidylcholine from soybean

was purchased from MP Biomedicals (Santa Ana, CA).

Ethanol and Polysorbate 80 were from El-Nasr Chemical Co.

(Cairo, Egypt). Technetium-99m (99mTc) was eluted as
99mTcO4 from 99Mo/99mTc generator, Monrol Company,

Kocaeli, Turkey. All the materials were used as received

without any further modifications.

Methods

Preparation of 99mTc-NM complex

NM was radiolabeled with 99mTc (t1/2¼6 h) by direct labeling

method using sodium dithionite (Na2S2O4) as the reducing

agent to overcome colloidal stannic oxide interference with

results of biodistribution in case of using stannous chloride as

the reducing agent (Qi et al., 1996; Geskovski et al., 2013).

Different reaction conditions that affect radiolabeling yield

were studied such as sodium dithionite amount, NM amount,

reaction pH, temperature, and time. Experiments of each

factor were repeated three times and data were statistically

examined using one way ANOVA test. Results for p are

reported and all the results are given as mean ± SD. The level

of significance was set at p50.05.

In a 10 ml vial, 0.5 mL of NM solution in absolute ethanol

containing 0.3–3 mg of NM was added. Then, 0.5 mL of

freshly prepared Na2S2O4 solution in distilled water contain-

ing 10–200 mg of Na2S2O4 was added. Then, 100 mL of

freshly eluted 99mTc (7.2 MBq) was added to the reaction

mixture and pH was adjusted by using different volumes of

0.1 M HCl and/or 0.1 M NaOH solutions. The reaction

mixture was shaken by electrical vortex and left at different

temperatures for different time intervals before calculating the

radiochemical yield. Ascending paper chromatography (PC),

thin-layer chromatography (TLC), and high-performance

liquid chromatography (HPLC) were used to determine the

radiochemical yield of 99mTc-NM.

Radiochemical yield assay

PC and TLC analysis

PC and TLC were used to determine the radiochemical yield

and the in vitro stability of 99mTc-NM complex. Two different

mobile phases were used to determine the percent of 99mTc-

NM, free 99mTcO4
� and reduced hydrolyzed 99mTcO2 colloid

(Hall et al., 1998; Motaleb, 2007). Acetone was used as a

mobile phase to determine free 99mTcO4 which moved with

the solvent front (Rf¼ 1), while 99mTc-NM and reduced

hydrolyzed technetium colloid remained at the origin (Rf¼ 0).

A mixture of ethanol:water:ammonium hydroxide (2:5:1,

v/v/v) was used as a mobile phase to determine reduced

hydrolyzed technetium colloid which remained at the origin

(Rf¼ 0) while free 99mTcO4
� and 99mTc-NM species migrated

with the solvent front (Rf¼ 1).

HPLC

To determine the radiochemical purity for 99mTc-NM, HPLC

analysis was used. Ten microliter of 99mTc-NM complex was

injected into the column (Alphabond RP-C18, 300� 3.9 mm)

and UV spectrophotometer detector (SPD-6A) was adjusted

to the wavelength 237 nm. The mobile phase components

were a mixture of methanol:acetonitrile:water (35: 38: 27, v/v)

and the flow rate was adjusted to 1 mL/min (Shang et al.,

2013). Fractions of 1 mL were collected separately using a

fraction collector up to 20 mL and counted in a well-type

NaI(Tl) detector connected to a single channel analyzer.
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Preparation of NM-loaded LPM

NM-loaded LPM were prepared using the method

described by Basalious & Shamma (2015) with modification.

Briefly, 99mTc-NM (20 mg), Phosphatidylcholine (66 mg) and

Pluronic� (F127 and P123) mixture (200 mg) in the ratio 2:1

were accurately weighed and dissolved in ethanol (10 mL) in

a round-bottom 1000 mL flask. Polysorbate 80 (20% of the

phosphatidylcholine content) was dissolved in the solution.

The solvent was slowly evaporated at 60 �C under reduced

pressure using a rotary evaporator (Buchi R-110 Rotavapor,

Flawil, Switzerland), revolving at 120 rpm for 1 h until a thin

dry film was formed on the inner wall of the flask. The dried

film was treated with distilled water (�9 mL) and the flask

was allowed to revolve at a fixed hydration temperature of

60 �C for 30 min under normal pressure. The mixture was

then sonicated for 1 min and the volume was adjusted into

10 mL at room temperature (25 �C) to obtain nanocarrier

dispersions.

Determination of particle size (PS), polydispersity
index (PDI) of NM-loaded LPM

The size and the size distribution of NM-loaded LPM were

determined by the dynamic light scattering method using a

Malvern Mastersizer (DLS, Zetasizer Nano ZS, Malvern

Instruments, Malvern, UK). The samples were diluted with

distilled filtered water before measurement until being

translucent. Additionally, PDI was measured to assess the

particle size distribution. Three samples for each formula

were used for size determination and the average values ± SD

were calculated.

Biodistribution studies

The drug biodistribution and pharmacokinetic studies were

conducted in accordance with the guidelines set by the

Egyptian Atomic Energy Authority for animal experiments.

The protocol of the study was reviewed and approved by the

institutional review board; Research Ethics Committee

Faculty of Pharmacy, Cairo University (REC-FOPCU) in

Egypt. Male Swiss albino mice (20–25 g) were used as animal

models. The animals were housed under constant environ-

mental (room temperature 25 ± 0.5 �C relative humidity; 65%

with a 12 h on/off light schedule) and nutritional conditions

(fed with standard mice diet with free access to water)

throughout the experimental period. On the study day, the

mice were divided into three groups (21 mice per group). The

conscious animals were administered intravenous (IV) 99mTc-

NM-loaded LPM (group A), intranasal (IN) 99mTc-NM-

loaded LPM (group B) and IV 99mTc-NM aqueous solution

(group C) at a NM dose equivalent to 0.016 mg/g body

weight. Briefly, 160–200mL 99mTc-NM LPM (containing

about 0.32–0.4 mg of NM) were injected through the tail vein

of group A mice. In a parallel line, 160–200mL of 99mTc-NM

LPM containing an equivalent amount of NM were instilled

into each nostril of group B mice using a micropipette

(200mL) fixed with low density polyethylene tube having

0.1 mm internal diameter at the delivery site. Besides, nearly

200mL of 99mTc-NM aqueous solution containing an equiva-

lent amount of NM were IV injected to group C mice. During

the IN administration, the mice were held from the back in a

slanted position. The formulations were administered at the

openings of the nostrils. The procedure was performed

gently, allowing the animals to inhale all the preparation

(Abd-Elal et al., 2016). At different time intervals (0.25, 0.5,

1, 2, 4, 8, and 24 h), three mice were anesthetized by

chloroform. All mice organs/tissues were dissected, washed

with normal saline, made free from adhering tissue/fluid, and

weighed. A sample of mice blood was separated, weighed,

and counted for its radioactivity uptake and the total blood

radioactivity level was calculated considering blood to

constitute 7% of total mice weight (Ding et al., 2012;

Motaleb et al., 2012; Rashed et al., 2014). The radioactivity of

each organ/tissue as well as the background was counted in a

well-type NaI (Tl) crystal coupled to SR-7 scaler ratemeter

(Motaleb et al., 2012; Rashed et al., 2014). Percent injected

dose per gram (%ID/g ± SD) in a population of three mice for

each time point are reported. Data were evaluated using one-

way ANOVA test and the level of significance was set at

p50.05.

The pharmacokinetic parameters were calculated by

Phoenix� WinNonlin� 6.4 (Certara, L.P.) by non-compart-

ment analysis (Abdelbary & Tadros, 2013). The mean NM

radioactivity uptake (%ID/g) in blood and brain samples were

plotted against time (h) and the maximum concentration of

NM uptake (Cmax) and the time to reach it is (Tmax) were

easily recorded. The area-under-the-curve from 0 to 24 h

(AUC (0-24), %ID/g), the area-under-the-curve from 0 to

infinity, the time to reach half plasma concentration (t1/2, h),

and the mean residence time (MRT, h) were also estimated.

The evaluation of the NM brain targeting after IN

application was estimated by using drug targeting efficiency

percentage (DTE %) (Abd-Elal et al., 2016). DTE percentages

(that represent the time average partitioning ratio) of NM

formulations were calculated according to the following

equation:

DTE% ¼ AUC brain=AUC blood IN

AUC brain=AUC blood IV
� 100

where AUC brain is the area under the brain NM concentra-

tion–time curve from zero to 24 h and AUC blood is the area

under the blood NM concentration–time curve from zero

to 24 h.

The data in the form of mean values (±SD) of three

determinations were statistically analyzed applying one-way

ANOVA using SPSS 17 software (SPSS Inc., Chicago, IL).

Post-hoc multiple comparisons were performed using Fisher’s

least significant difference test and the results were con-

sidered significantly different when p values were less

than 0.05.

Results and discussion

Preparation of the 99mTc-NM complex

Effect of NM amount

At 300 mg of NM, the percent labeling yield was low

(53.61 ± 0.2%) because NM amount was insufficient to form

the complex with all of the reduced technetium (Essa et al.,

2015). The maximum radiochemical yield (94.8 ± 0.34%) was
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obtained by increasing NM amount to 2 mg as shown in

Figure 1(A). Increasing NM amount above 2 mg showed no

significant change in labeling yield (p50.05).

Effect of pH of the reaction medium

As shown in Figure 1(B), the maximum radiochemical yield

of 99mTc-NM (94.8 ± 0.34%) was obtained at pH 6.

The radiochemical yield was very low at highly acidic pH

values (71.8 ± 0.58% at pH 3). By increasing the reaction pH

above the optimum value, the radiochemical yield was

significantly decreased (53.1 ± 0.572% at pH 8). This is

attributed to the high OH- concentration at alkaline pH

causing partial hydrolysis of the complex and oxidation of
99mTc + 5 to pertechnetate 99mTcO4

� (Amin et al., 2009).

Effect of Na2S2O4 amount

A maximum radiochemical yield of 94.8 ± 0.34% was

obtained using 100 mg of sodium dithionite as shown in

Figure 1(C). At lower amounts of Na2S2O4, high quantities

of free pertechnetate were obtained (a labeling yield of

52.33 ± 0.13% at 10 mg) because the used amounts of

Na2S2O4 were insufficient for complete reduction of pertech-

netate to form 99mTc-complex. Further increase in Na2S2O4

amount above 100 mg leads to labeling yield decrease

(90.93 ± 0.31% at 150 mg of Na2S2O4). This is because

reduced 99mTc will be slightly re-oxidized when a large excess

of dithionite is added resulting in increased level of free
99mTcO4

� (Mayhew, 1978). As noticed, there is no colloidal

species other than 99mTcO2 obtained in the reaction which is a

major advantage of using Na2S2O4 as a reducing agent in

Figure 1. Variation of the radiochemical Yield of 99m Tc-NM as a function of NM amount (A), pH (B), Na2S2O4 amount (C), reaction time (D), and
temperature (E).
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preparing technetium radiopharmaceuticals avoiding colloidal

stannic oxide interference for stannous chloride prepared

radiopharmaceuticals (Ferreira et al., 2015; Abd-Elal et al.,

2016).

Effect of reaction time

As shown in Figure 1(D), short reaction time (5 min) was

insufficient to form the 99mTc-NM complex resulting in a low

radiochemical yield (75.24 ± 0.61%) (Essa et al., 2015).

Increasing the reaction time to 30 min caused an increase in

the radiochemical yield to 94.8 ± 0.34%. Further increase of

the reaction time over 45 min has no effect on the radio-

chemical yield.

Effect of reaction temperature

Data obtained from this experiment are presented in

Figure 1(E). The maximum radiochemical yield of 99mTc-

NM was obtained at temperature of 25 ± 2 �C (94.8 ± 0.34%).

Increasing the reaction temperature up to about 60 �C did not

affect the labeling yield. Further increase to very high

temperature (80 and 100 �C) caused a significant decrease of

the radiochemical yield due to the increasing the rate of side

decomposition reactions at high temperatures (Amin et al.,

2009).

In vitro stability study of 99mTc-NM

The in vitro stability of 99mTc-ligand complexes is essential to

determine the suitable time during which the preparation

could be used. Decomposition of the 99mTc-ligand complex

may occur during storage due to oxidation, hydrolysis, or the

radiolysis effect of ionizing g-radiation (Sakr et al., 2013).
99mTc-NM showed good in vitro stability up to 24 h.

Determination of particle size (PS), polydispersity
index (PDI) of NM-loaded LPM

The prepared NM-loaded LPM showed a small particle size

of 571.5 ± 11.87 nm with low PDI of 0.43 ± 0.06.

Biodistribution studies

The biodistribution study of IV 99mTc-NM solution, IV
99mTc-NM-loaded LPM, and IN 99mTc-NM-loaded LPM was

done on male Swiss albino mice and the radioactivity was

estimated at different time intervals up to 24 h as %ID/g for

different organs or body fluids. Figures 2 and 3 illustrate the

radioactivity (%ID/g) in the heart and brain, respectively, at

different time intervals following administration of the

radiolabeled formulations.

The pharmacokinetic parameters of all formulations (Cmax,

Tmax, MRT(0–1), AUC (0–1), and AUC (0–24)) were calculated

and displayed in Table 1.

Results show that the radioactivity percentage (%ID/g) in

the heart of mice following IV administration of 99mTc-NM-

loaded LPM was lower at the initial sampling intervals, up to

1 h, compared with that following IV administration of 99mTc-

NM solution. Moreover, %ID/g in the heart following IN

administration of 99mTc-NM-loaded LPM was lower at all the

sampling intervals, compared with that following IV admin-

istration of 99mTc-NM solution. This would be greatly

beneficial for reducing the cardiovascular side effects com-

monly encountered by parenteral administration of high doses

of NM, such as bradycardia, and arrhythmias.

Evaluation of IV delivery of NM-loaded LPM (IV LPM versus

IV solution)

Results show that the %ID/g in the blood, and brain following

IV administration of 99mTc-NM loaded LPM was higher at all

sampling intervals compared with that following IV admin-

istration of 99mTc-NM solution. This would be greatly

beneficial for the treatment of neurovascular diseases. These

results could indicate the ability of NM-loaded LPM to

achieve IV sustained profile when compared with the IV

solution containing the drug in solubilized form. This result

suggests that long blood circulation time was achieved by

entrapping NM into LPM and thus it can contribute to better

clinical efficacy. Long blood circulation time is a critical

issue in achieving high targeting accumulation in the brain.

These results were in accordance with that previously

reported by Wei et al. (2009), who studied the in vivo

behavior of pluronics mixed micelles after IV injection in rats.

With regard to the extent parameters for NM, ANOVA

results indicated significant effects for Cmax and AUC0–24

with p¼ 0.012 and p¼ 0.002, respectively. The Cmax in blood

following IV administration of 99mTc-NM-loaded LPM, and

IV 99mTc-NM solution was significantly higher (about 2-

Figure 3. Bar chart showing percentage radioactivity in the brain of
mice at different time intervals.

Figure 2. Bar chart showing percentage radioactivity in the heart of mice
at different time intervals following administration of radiolabled
formulation.
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folds) compared to IV 99mTc-NM solution (24.08 ± 1.72 and

11.30 ± 1.46%/g, respectively) (p50.05), at the same Tmax

(0.25 ± 0.00 h). Moreover, the AUC(0–1) in the plasma after

IV administration of 99mTc-NM-loaded LPM was signifi-

cantly higher (about 2.5-folds) compared with IV administra-

tion of 99mTc-NM solution (228.91 ± 18.98 and

90.58 ± 8.10 h%/g), respectively (p50.05). The MRT in the

plasma after IV administration of 99mTc-NM-loaded LPM was

not significantly changed compared with IV administration of
99mTc-NM solution (8.05 ± 0.48, and 8.57 ± 0.08 h%/g),

respectively (p40.05).

Study the pharmacokinetic behavior of NM in brain tissue is

of great importance as it is the target organ of NM. NM was

detected in brain tissues in a significantly higher concentration,

as soon as the 15 min sampling time following the adminis-

tration of the IV administration of 99mTc-NM-loaded LPM,

compared with the IV solution, indicating very rapid absorp-

tion. The Cmax in brain following IV administration of 99mTc-

NM-loaded LPM was significantly higher (about 1.5-folds)

(0.61 ± 0.12 and 0.41 ± 0.08%/g, respectively) (p50.05), at

the significantly shorter Tmax (0.33 ± 0.14 h and 1.00 ± 0.86 h,

respectively), compared with that following administration of

IV 99mTc-NM solution. On one hand, the high values of Cmax of

the LPM compared with that of the solution might be attributed

to the long circulation time of the LPM and the presence of

Pluronics, polysorbate 80, and phosphatidylcholine in the LPM

which acts as a penetration enhancer and inhibitor of P-

glycoprotein in the blood–brain barrier (Salama et al., 2012).

Similar results were obtained in our previous study (Basalious

& Shamma, 2015). On the other hand, the AUC (0–24) in the

brain after IV administration of 99mTc-NM-loaded LPM was

not significantly changed compared with IV administration of
99mTc-NM solution (5.53 ± 0.23 and 5.60 ± 1.81 h%/g),

respectively (p40.05). The MRT in the brain after IV

administration of 99mTc-NM-loaded LPM was also not

significantly changed compared with IV administration of
99mTc-NM solution (8.48 ± 0.94 and 8.32 ± 0.80 h%/g),

respectively (p40.05).

Evaluation of IN delivery of NM-loaded LPM (IN LPM versus

IV solution)

Results show that NM brain peak concentration after IN

administration of the 99mTc- NM-loaded LPM was signifi-

cantly higher than brain NM peak concentration following IV

administration of 99mTc-NM solution (p50.05). However, the

concentration of NM in blood after IN administration was

significantly lower than that after IV administration

(p50.05). Furthermore, the brain/blood ratios and DTE (%)

were also estimated. The brain/blood ratios were significantly

higher at all sampling intervals in the case of IN administra-

tion of 99mTc-NM-loaded LPM compared with that following

administration of IV 99mTc-NM solution (Figure 4). The DTE

was calculated to be 1872.82%. This indicates that the

prepared NM loaded LPM succeeded to penetrate the nasal

membrane and deliver 18-folds greater amount of NM at the

target site (brain) after IN administration compared with IV

administration of the NM solution.

The pharmacokinetic parameters (Cmax, Tmax, MRT(0–1),

AUC(0–1), and AUC(0–24)) were displayed in Table 1. The

Cmax in brain following IN administration of 99mTc-NM-

loaded LPM and IV administration of 99mTc-NM solution was

0.513 and 0.406%/g, respectively. This could be explained by

the high capability of the lipid nanovesicles to permeate the

nasal membrane (Salama et al., 2012; Abdelrahman et al.,

2015). This suggests that the nasal route is considered as

preferential route for brain targeting than IV route. Lipid

nanovesicles have been demonstrated to have good perme-

ability characteristics that enhance nasal penetration of many

drugs through disrupting the mucosal membrane, hence

increase absorption of drugs (Salama et al., 2012).

Intranasal NM-loaded LPM delivery enhanced NM delivery

to the brain through the olfactory pathway in which it travels

from the nasal cavity to brain tissue (Illum, 2000). The small

particle size helped them to squeeze themselves through the

small opening in the olfactory neurons to the brain via

different endocystic pathways of neuronal cells in nasal

membrane (Seju et al., 2011). Similar results were obtained

by Kenazawa et al. (Kanazawa et al., 2011), where they

reported that NM and coumarin micelle nanocarriers can be

Table 1. The mean pharmacokinetic parameters of NM in blood, and brain of mice after administration of single dose of NM solution
and NM-loaded LPM via the IV and IN route.

IN NM-loaded LPM IV NM-loaded LPM IV NM solution

Blood Brain Blood Brain Blood Brain

Cmax (%ID/g) 0.33 ± 0.05 0.51 ± 0.10 24.08 ± 1.73 0.61 ± 0.12 11.30 ± 1.46 0.41 ± 0.09
Tmax (h) 0.58 ± 0.38 0.33 ± 0.14 0.25 ± 0.00 0.33 ± 0.14 0.25 ± 0.00 1.00 ± 0.87
AUC(0–24) (%ID/g h) 2.23 ± 0.20 2.58 ± 0.69 228.91 ± 18.99 5.54 ± 0.23 90.58 ± 8.10 5.60 ± 1.82
t1/2 (h) 11.17 ± 5.07 10.67 ± 5.24 11.68 ± 1.14 14.00 ± 3.86 13.45 ± 2.37 13.40 ± 6.36
MRT (h) 7.62 ± 1.54 7.76 ± 1.57 8.05 ± 0.49 8.49 ± 0.94 8.57 ± 0.08 8.32 ± 0.80

Figure 4. Bar chart showing the brain/blood ratio at different time
intervals following administration of radiolabled formulations.
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delivered to the brain due to their ability to transport trans-

cellulary through olfactory membrane.

Conclusion

NM-loaded LPM was successfully prepared in the nano-size.

Systemic and olfactory delivery of 99mTc-NM-loaded LPM

showed enhanced brain targeting compared with the IV
99mTc-NM solution. Thus, NM-loaded LPM may be a

promising replacement for the NM injection, which contains

the organic solvent ethanol. In conclusion, with remarkable

improvement in the bioavailability, NM-loaded LPM to be

administered via the IV and IN route may, therefore,

constitute an advance in the management of cerebro-vascular

disorders.
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