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Abstract: Our study aimed to develop a self-assembled nanomicelle for oral administration 

of nimodipine (NIM) with poor water solubility. Using Solutol® HS15, the NIM-loaded self-

assembled nanomicelles displayed a near-spherical morphology with a narrow size distribution 

of 12.57±0.21 nm (polydispersity index =0.071±0.011). Compared with Nimotop® (NIM tablets), 

the intestinal absorption of NIM from NIM nanomicelle in rats was improved by 3.13- and 

2.25-fold in duodenum and jejunum at 1 hour after oral administration. The cellular transport 

of NIM nanomicelle in Caco-2 cell monolayers was significantly enhanced compared to that of 

Nimotop®. Regarding the transport pathways, clathrin, lipid raft/caveolae, and macropinocytosis 

mediated the cell uptake of NIM nanomicelles, while P-glycoprotein and endoplasmic reticulum/

Golgi complex (ER/Golgi) pathways were involved in exocytosis. Pharmacokinetic studies in 

our research laboratory have showed that the area under the plasma concentration–time curve 

(AUC
0–∞) of NIM nanomicelles was 3.72-fold that of Nimotop® via oral administration in rats.  

Moreover, the NIM concentration in the brain from NIM nanomicelles was dramatically 

improved. Therefore, Solutol® HS15-based self-assembled nanomicelles represent a promising 

delivery system to enhance the oral bioavailability of NIM.
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Introduction
Nimodipine (NIM) is a dihydropyridine calcium antagonist, which dilates cerebral 

arterioles and increases the cerebral blood flow in animals and humans.1 NIM shows 

desirable pharmacological activities in the treatment of various cerebrovascular dis-

orders, including delayed ischemic neurological deficits, cerebral malaria, cerebral 

vasospasm, acute ischemic stroke, and migraines.2 However, several unfavorable 

properties greatly limit the clinical application of NIM. First, the oral bioavailability 

of NIM remains low (~13%) due to the significant first-pass effect in liver, whereby 

only a small fraction of the administered dose can escape extensive liver metabolism 

and be delivered to the brain.3 Moreover, NIM is poorly water soluble (2.29 μg/mL at 

37°C). An injection of NIM containing 40% solvent mixture, ie, 23.7% (v/v) ethanol 

and 17% (v/v) polyethylene glycol (PEG)-400, was proven to achieve a sufficient 

NIM concentration after in vivo administration.4 NIM ethanol injections were reported 

to cause pain and inflammation at the injection site. Furthermore, when NIM injec-

tion is diluted with injection solutions, crystallization may occur, which is often life 

threatening to patients.5 Nimotop® (NIM tablets) has been marketed by Bayer AG, 

Leverkusen, Germany as an oral dosage form of NIM; however, the recommended 

dose remains exceedingly high (~240 mg/d) due to the significant first-pass effect 

and the low bioavailability.6 Therefore, a safe and bioavailable formulation for NIM 

is desirable to improve patient compatibility.
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To address the aforementioned problems, various 

formulations of NIM have been explored, including NIM/

poly(lactic-co-glycolic acid) nanoparticles, NIM/PEG solid 

dispersion, NIM colloidal dispersion, NIM nanosuspension, 

and NIM nanocrystal. Although these NIM formulations 

helped address some of the limitations with Nimotop®, they 

still suffer from low area under the plasma concentration–

time curve (AUC
0–t

), stability issues with crystallization, 

and complex manufacturing processes.2,4,7–9 Self-assembled 

polymeric micelles represent a novel strategy for improving 

the solubility and bioavailability of poorly soluble drugs. The 

surface-active amphiphile Solutol® HS15 (HS15), composed 

of the PEG-660 ester of 12-hydroxystearic acid, has the poten-

tial to increase the solubility of a number of poorly water- 

soluble compounds such as doxorubicin, 9-nitrocamptothecin, 

and curcumin.10–12 HS15 has been approved as an excipient 

in a parenteral phytonadione formulation for human use in 

Canada,13 which has been proven to promote solubilization 

of therapeutics in an aqueous environment, protect thera-

peutics from degradation without modifying the therapeutic 

activity, or prevent premature release; eventually, it enhances 

adhesion and permeation at the biological membranes. 

HS15 has also been proven to be of low toxicity for oral 

administration.14 However, the detailed transcellular mecha-

nisms of HS15-based micellar systems across the intestinal 

epithelium remain largely unexplored.

In this study, NIM-loaded HS15 nanomicelles were 

prepared using a facile one-step self-assembly method. We 

aimed to improve the oral bioavailability of NIM and the 

drug’s concentration in the brain via oral administration. 

The dissolution and pharmacokinetic behaviors of NIM 

nanomicelles were investigated and compared to those of 

Nimotop®. Furthermore, a systemic study has been car-

ried out to elucidate the transport pathways and mecha-

nisms of NIM nanomicelle transport across the intestinal 

epithelium.

Materials and methods
Materials and animals
NIM (99.9%) was kindly gifted by Baili Pharmaceutical Co, 

Ltd (Chengdu, People’s Republic of China). Solutol® HS15 

was a gift from BASF Co, Ltd (Ludwigshafen, Germany). 

Nimotop® was provided by Bayer AG. Moreover, 1,1′-
dioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine iodide 

(DiR) was purchased from Nanjing KeyGen Biotechnology 

Co Ltd (Nanjing, People’s Republic of China). All other 

chemicals and solvents were obtained from Sigma-Aldrich 

(St Louis, MO, USA).

Male Sprague Dawley rats (200–250 g) and Kunming 

mice (20–25 g) were purchased from Dashuo Biotechnology 

(Chengdu, People’s Republic of China) and maintained under 

standard housing conditions. All animal experiments were 

approved by the Ethics Committee of Sichuan University and 

conducted in accordance with institutional guidelines.

Preparation of nanomicelles
The NIM-loaded self-assembled nanomicelles were prepared 

according to the one-step self-assembled technique. Briefly, 

NIM and HS15 (1:30, w/w) were added in the flask by gently 

stirring at 60°C for 30 minutes. Then, the liquid mixture was 

hydrated with isotonic saline (0.9% NaCl [w/v], pH 7.4). 

After stirring for another 10  minutes, nonencapsulated 

NIM was separated by filtration of the micelle suspensions 

through a 0.2 μm polycarbonate membrane (EMD Millipore, 

Billerica, MA, USA). The NIM nanomicelles were then 

obtained. A near-infrared fluorescent probe, DiR, was used 

and encapsulated in nanomicelles, following the same pro-

cedures as for NIM nanomicelles.

Characterization of the nanomicelles
The particle sizes, polydispersity indexes (PDIs), and zeta 

potential values of the nanomicelles were measured by 

dynamic light scattering using Malvern Zetasizer NanoZS90 

(Malvern Instruments, Malvern, UK). The size and morphol-

ogy of the nanomicelles encapsulating NIM were examined 

using transmission electron microscopy (TEM) (JEM 100CX; 

JEOL, Tokyo, Japan). The nanomicelles were stained with 

1% uranyl acetate.

The analysis of NIM was performed using a high- 

performance liquid chromatography (HPLC) system 

equipped with an ultraviolet detector (Agilent Technologies, 

Santa Clara, CA, USA). An octadecyl silica (ODS) column 

(Kromasil, 250 mm ×4.6 mm, 5 μm) was used for separation, 

and the column temperature was 30°C. The mobile phase 

consisted of methanol and water (70/30, v/v). The flow rate 

was 1.0 mL/min and the detection wavelength was set at 

237 nm. All samples were analyzed in triplicate. To esti-

mate the encapsulation efficiency of NIM nanomicelles, the 

micelle solution was added with tenfold volume of methanol. 

The solution was properly diluted before HPLC analysis. 

Encapsulation efficiency (EE) and drug-loading coefficient 

(DL) were calculated using the following formulas:

	 EE% 
Weight of NIM measured in nanomicelles

Weight of the f
=

eeeding NIM
×100%

�
(1)
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DL% 
Weight of NIM measured in nanomicelles

Total weight of
=

  nanomicelle materials

added + weight of the feeding NIM







×100%

� (2)

Critical micelle concentration
The critical micelle concentration (CMC) was determined 

using the pyrene 1:3 ratio method, as previously reported.15 

The pyrene concentration was set to 6×10-7 M for all samples. 

The polymer concentration varied from 1×10-8 mg/mL to 

1 mg/mL. Solutions were stirred for 36 hours before record-

ing the spectrum at room temperature. Fluorescence spectra 

were recorded using a fluorescence spectrophotometer 

(Shimadzu, Kyoto, Japan). The excitation wavelength (λ
ex

) 

was 366 nm. The emission wavelengths (λ
em

) were those 

corresponding to the maximum intensities of the first (I
1
; 

λ
em 

=373 nm) and the third peaks (I
3
; λ

em
 =383 nm) in the 

emission spectrum. To analyze the microenvironment and the 

CMC derivatives, the ratio I
1
/I

3
 was determined in triplicate. 

The emission spectrum and the I
1
/I

3
 ratio of pyrene depend 

strongly on the polarity of the environment surrounding the 

probe molecules. This covers a wide range of polarities from 

water (I
1
/I

3
 =1.9) to cyclohexane (I

1
/I

3
 =0.6). This scale was 

used to evaluate the microenvironment in the micellar core. 

To determine the CMC, the I
1
/I

3
 values were averaged over 

three values plotted versus the polymer concentration. As the 

polymer concentration in the aqueous solution increased, the 

I
1
/I

3
 ratio decreased and then reached a plateau. The CMC 

was determined at the intersection of the two lines obtained 

by linear regression.

Stability studies
To test the long-term stability of the NIM nanomicelles at 

different temperatures, the nanomicelles were stored at 4°C, 

25°C, and 40°C for 16 weeks. At given time points, the par-

ticle size, PDI, zeta potential, and NIM concentration of the 

NIM nanomicelles were determined in triplicate.

To evaluate the stability in media modeling physiological 

conditions of the gastrointestinal (GI) tract, NIM nanomi-

celles were diluted with simulated gastric fluid without pepsin 

(SGF, pH 1.6) and simulated intestinal fluid without trypsin 

(SIF, pH 6.5). SGF was composed of 0.2% NaCl, 0.25% 

sodium dodecyl sulfate (SDS), and 0.7% HCl in water, and 

the pH was adjusted to 1.6 by adding concentrated HCl. SIF 

was composed of 0.3% dipotassium hydrogen phosphate 

(K
2
HPO

4
) with 0.77% potassium chloride (pH adjusted to 

6.5 using NaOH), 3 mM sodium taurocholate, and 0.75 mM 

lecithin. NIM nanomicelles were mixed with appropriate 

volumes of the media (SGF or SIF) to dilute the samples 

ten times. The diluted samples were incubated at 37°C. 

The particle size of the samples was determined at 2 hours, 

4 hours, 6 hours, 8 hours, and 12 hours. The experiment was 

repeated three times.

In vitro drug release
In vitro NIM release study was carried out according to the 

reported procedures with modifications.16 Briefly, 200 μL 

of NIM nanomicelles was introduced into a dialysis mem-

brane bag (molecular weight cutoff =3.5  kDa, Solarbio 

Science & Technology Co, Beijing, People’s Republic of 

China), and the end-sealed dialysis bag was incubated in 

50 mL release media at 37°C±0.5°C and shaken at a speed 

of 100 rpm. SGF and SIF were used as release media. After 

2 hours’ incubation of NIM nanomicelles in 50 mL SGF, 

the dialysis bags were transferred into 50 mL SIF for up to 

72 hours. Sink conditions were achieved by the addition of 

SDS in the SGF and lecithin/sodium taurocholate in SIF. At 

predetermined time intervals, 0.5 mL of the release media 

was withdrawn and replaced with an equal volume of the 

fresh solution (SGF or SIF). The in vitro release behavior 

of NIM nanomicelles was measured and compared with that 

of NIM tablets in the suspension from Nimotop®. The tab-

lets were pulverized in a mortar. Into each sample, 4.5 mL 

of methanol was added and stored until HPLC analysis. 

All assays were performed in triplicate. Release profiles 

are presented as cumulative release of NIM in percentage 

versus time.

Endocytosis pathway
Cells lines were derived from heterogeneous human epithelial 

colorectal adenocarcinoma cells, which are commercially 

available from various cell banks. No ethical approval from 

the ethics committee of Sichuan University was required 

for the use of these cell lines. All cell culture studies were 

performed under laminar flow and sterile conditions. Caco-2 

cells were obtained from the Cell Bank of Chinese Acad-

emy of Sciences (Shanghai, People’s Republic of China) 

and incubated at 37°C with 5% CO
2
 under fully humidified 

conditions. Cells were cultured in Dulbecco’s Modified 

Eagle’s Medium (Thermo Fisher Scientific, Waltham, MA, 

USA) with 10% fetal bovine serum (FBS; Thermo Fisher 

Scientific), 2 mM glutamine, 100 units/mL penicillin, and 

100 μg/mL streptomycin. Before the experiments, Caco-2 

cells were seeded into a 12-well cell culture plate (Corning 

Incorporated, Corning, NY, USA) at 4×104 cells per well and 

cultured for 14 days for the uptake experiments. The culture 
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medium was replaced every 2 days for the first week, and 

every day thereafter, to form cell monolayers.

The endocytosis pathway of NIM nanomicelles was inves-

tigated by the addition of specific pharmacological inhibitors 

for specific cellular uptake pathways, as described in Table 1. 

Before the addition of NIM nanomicelles, Caco-2 cells grown 

on 12-well plate were preincubated with inhibitors for 1 hour 

at 37°C. Following addition of 5  μM NIM, nanomicelles 

were incubated with cells for a further 1 hour. During the 

nanomicelle incubation, the concentration of inhibitors was 

maintained as constant. After the coincubation of nanomicelles 

and inhibitors, cellular uptake was aborted using cold Hank’s 

buffered salt solution (HBSS; 137.93 mM NaCl, 5.33 mM KCl, 

4.17 mM NaHCO
3
, 0.44 mM KH

2
PO

4
, 0.34 mM Na

2
HPO

4
, 

and 5.56 mM d-glucose). The cells obtained after nanomicelle 

incubation were digested, centrifuged, rinsed using HBBS, 

and then lysed using freeze–thaw method. The final cell lysis 

solution was first tested using the bicinchoninic acid assay 

(Applygen, Beijing, People’s Republic of China) to obtain the 

total protein content. The remaining lysis solution was then 

blended with methanol to dissolve the NIM present in nano-

micelles and examined using HPLC, as described earlier.

The temperature dependency of endocytosis of NIM 

nanomicelles was detected by HPLC. Caco-2 cells in 12-well 

plate were incubated with 5 μM NIM nanomicelles at 37°C 

and 4°C, respectively. At determined time points, cells from 

plate wells were digested and then lysed using the method 

described earlier. Obtained samples were subjected to HPLC 

to obtain the amount of NIM.

In addition, the effect of NIM nanomicelles on F-actin 

filaments in Caco-2 cell monolayer was evaluated under laser 

confocal scanning microscopy (LCSM) (Fluoview™ 1000; 

Olympus Corporation, Tokyo, Japan). Briefly, Caco-2 cells 

were grown on round glass coverslips (10 mm) in 24-well cul-

ture plates (Corning Incorporated) and cultured as described 

earlier. NIM nanomicelles were added to the freshly replaced 

FBS-free Dulbecco’s Modified Eagle’s Medium (5 μM/mL 

of NIM) and incubated with the cell monolayer for the 

measurement. At predetermined time intervals, the cell 

monolayer was rinsed with cold phosphate-buffered saline 

(pH 7.4), fixed with 4% paraformaldehyde solution, and 

stained with fluorescein isothiocyanate (FITC)–phalloidin 

for imaging under LCMS. The cell monolayer without any 

treatment was used as negative control.

Exocytosis of NIM nanomicelles in  
Caco-2 cell monolayers
Caco-2 cells were seeded in 12-well plates and cultured as 

described earlier. Before investigation of the exocytosis 

mechanism, Caco-2 cells were first incubated with 5 μM NIM 

nanomicelles for 1 hour at 37°C. Then, nanomicelle disper-

sion was replaced by HBSS, methyl-β-cyclodextrin (MβCD, 

10 mM), LY294002 (1 μM), verapamil (100 μg/mL), EXO1 

(1 μM), and indomethacin (300 μM), respectively, at 37°C 

for subsequent reincubation. To inhibit energy-dependent 

exocytosis, cell monolayers were reincubated at 4°C. The 

intracellular NIM was determined by HPLC as described 

herein.

Transcellular transport of NIM 
nanomicelles across Caco-2 cell 
monolayer
Before the experiments, Caco-2 cells were seeded onto 

polycarbonate membrane filters (0.4 μm pore size, 1.12 cm2 

growth area) in Transwell® cell culture chambers (Corning 

Costar, Cambridge, MA, USA) at a density of 1×105 cells 

per insert. The culture medium (0.5 mL per insert and 1.5 mL 

per well) was replaced every 2 days in the first 2 weeks, 

but changed every day thereafter. After 21  days’ culture, 

cell monolayers were used for the following assays. To 

investigate the influence of nanomicelles and Nimotop® 

on the adsorption properties of NIM, Caco-2 cells were 

used as an in vitro model of the GI tract epithelium. Before 

the experiments, cell monolayers were washed twice with 

Table 1 Inhibitors with different functions used in the study of various pathways and their concentrations

Inhibitors Concentrations Functions

Methyl-β-cyclodextran (MβCD) 10 mM Cholesterol depletion agent; effective inhibitor of lipid raft/caveolae-dependent 
endocytosis17

Amiloride 20 μM Na+/H+ ion channel blocking agent; inhibitor of endocytosis pathway through 
macropinocytosis18

Nystatin 30 μM Inhibitor of lipid/caveolae-dependent endocytosis by cholesterol sequestration effect17

Chlorpromazine 10 μg/mL Inhibitor of clathrin-mediated endocytosis by interacting with vicinal dithiol-containing 
molecules19

Filipin 6 μg/mL Inhibitor of lipid/caveolae-mediated endocytosis20

Indomethacin 6 μg/mL Common inhibitor of cyclooxygenase (COX)21

LY294002 1 μM Inhibitor of phosphatidylinositol 3-kinase (PI3K)22
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HBSS at 37°C for 15 minutes. The transepithelial electrical 

resistance (TEER) of the monolayer was measured using 

a Millicell®-ERS system (EMD Millipore) to determine 

both the formation of the monolayer and its integrity dur-

ing the experiment. Only the cell monolayers with TEER 

values .700 Ω⋅cm2 were used.

To investigate transport behaviors, NIM nanomicelles 

and Nimotop® were diluted with HBSS to a final concen-

tration of 5.0 μM NIM. The drugs were applied to Caco-2 

cell monolayers from the apical to the basolateral direction 

by adding 0.5 mL of a test solution at the apical side and 

adding 1.5 mL of HBSS at the basolateral side. A volume 

of 500  μL of the sample was taken from the basolateral 

side at predetermined time points (15 minutes, 30 minutes, 

60  minutes, 90  minutes, 120  minutes, 150  minutes, and 

180 minutes) and replaced with the same volume of fresh buf-

fer immediately. Samples were mixed with 2.5 mL methanol 

and shaken for 1 minute using a vortex mixer and centrifuged 

at 10,000 rpm for 10 minutes. The supernatant was filtered 

using a 0.2 μm membrane filter. Samples were analyzed by 

liquid chromatography–tandem mass spectrometry (LC-MS/

MS) (Agilent Technologies) and the concentrations of NIM 

were calculated using a standard calibration curve. The 

LC-MS/MS system consisted of an Agilent 1200 series 

pumping system, including an SL binary pump, degasser, 

autosampler, and a triple quadrupole mass spectrometer.  

A Diamonsil® ODS column (1.8 μm, 50×4.6 mm) with a cor-

responding guard column (ODS, 5 μm) was used for separa-

tion and maintained at 30°C. The mobile phase consisted of 

30% deionized water and 70% methanol (v/v) at a flow rate 

of 0.4 mL/min. MS operating conditions were established 

to detect NIM. MS was carried out under negative electro-

spray ionization and multiple reaction monitoring mode. 

Nitrogen was used as the nebulizer gas. The gas flow rate 

was 10 mL/min (350°C) and the pressure was set at 35 psi. 

Fragmentor voltages were 138 eV and collision energies were 

16 eV. Ion reaction used the parent ion at m/z 417.2 and the 

daughter ion at m/z 121.9.

To directly observe whether NIM nanomicelles are 

transported in the intact form across the monolayer, the cell 

monolayer was incubated with nanomicelles at 37°C for 

1 hour. The basolateral medium was collected and observed 

under TEM.

Absorption of NIM nanomicelles in the 
intestine
The absorption of NIN nanomicelles compared with that of 

Nimotop® was measured in mice. Briefly, NIM nanomicelles 

and Nimotop® were administered to the fasted mice at 60 mg/kg 

of NIM by oral gavage. At 0.5 hour, 1.0 hour, and 4.0 hours 

after oral administration, mice were sacrificed, and different 

intestinal segments of duodenum, jejunum, and ileum were 

removed. The selected tissues were carefully rinsed with cold 

saline, accurately weighted, and homogenized with 0.5 mL 

acetonitrile on the Precellys 24 lysis instrument (Bertin, 

Montigny-le-Bretonneux, France). The tissue homogenates 

were centrifuged at 14,000 rpm for 10 minutes (Thermo Sci-

entific Heraeus Biofuge Stratos, Osterode, Germany) and the 

supernatant was analyzed by LC-MS/MS method as described 

herein. The NIM concentration in each tissue was normalized 

by the weight of the selected tissue.

To visualize distributions of nanomicelles in the intestine, 

DiR-loaded nanomicelles were administered to mice at 

4 mg/kg of DiR by oral gavage. At 0.5 hour, 1.0 hour, and 

4.0 hours after oral administration, mice were sacrificed and 

the intestines were removed. These tissues were carefully 

rinsed and scanned using a multimodal imaging system (IVIS 

Spectrum; Caliper, Alameda, CA, USA) with an excita-

tion bandpass filter at 730 nm and an emission at 790 nm. 

Exposure time was set at 30  seconds. The near-infrared 

fluorescence signal intensities were measured.

Pharmacokinetic and biodistribution 
study
Before the experiments, rats that fasted overnight with free 

access to water were randomly divided into two groups. NIM 

nanomicelles and Nimotop® were given to rats at 60 mg/kg 

of NIM by oral gavage. Blood samples were collected at 

predetermined time points, immediately centrifuged at 6,000 

rpm for 5 minutes, and stored at -80°C before analysis. 

NIM was extracted from the plasma with acetonitrile and 

determined by LC-MS/MS. The pharmacokinetic param-

eters were calculated using the noncompartmental model, 

and the relative oral bioavailability was calculated as the 

AUC
0–t

 value of NIM nanomicelles compared to that of 

Nimotop®.

The biodistribution of orally administered NIM nanomi-

celles was measured and compared with that of Nimotop®. 

Mice were randomly divided into two groups (n=3) and 

administered NIM nanomicelles and Nimotop® (60 mg/kg) 

by oral gavage. At 1.0 hour after oral administration, mice 

were sacrificed and various organs, including heart, liver, 

spleen, lung, kidney, and brain, were removed. These tis-

sues were rinsed with cold saline, accurately weighted, and 

homogenized with 0.5 mL of acetonitrile on the Precellys 24 

lysis instrument. The tissue homogenates were centrifuged 

at 14,000 rpm for 10 minutes. The NIM concentration in 

the supernatant was determined, and the biodistribution of 
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NIM in each organ was normalized by the weight of the 

selected tissues.

Statistical analysis
Statistical analysis was performed by two-tailed Student’s 

t-test. The differences between two groups were considered 

statistically different for P,0.05 and significantly different 

for P,0.01.

Results and discussion
Characterization of NIM nanomicelles
HS15 has been demonstrated to enhance the oral bioavail-

ability of various lipophilic drugs.13 HS15-based NIM 

nanomicelles were prepared by a one-step self-assembly  

method (Figure 1A). The method can be easily scaled up 

without using any organic solvent. NIM nanomicelles 

displayed uniform near-spherical-shaped particles with 

Figure 1 Preparation and characterization of NIM nanomicelles.
Notes: (A) Scheme of the preparation of NIM nanomicelles; (B) typical TEM photo of NIM nanomicelles, scale bar =100 nm; magnification was 100,000×; (C) size distribution 
of NIM nanomicelles by intensity with oversize curve.
Abbreviations: HS15, PEG-660 ester of 12-hydroxystearic acid; NIM, nimodipine; PEG, polyethylene glycol; TEM, transmission electron microscopy; min, minutes; d, 
diameter.

°
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an average size distribution of ~12.57±0.21  nm (PDI 

=0.071±0.011) (Figure 1B and C). The encapsulation 

efficiency and drug loading of NIM in nanomicelles were 

95.75%±12.93% and 3.23%±0.48%, respectively. NIM 

nanomicelles were negatively charged, with a zeta potential 

value of -8.56±1.19 mV.

Critical micelle concentration
The CMC of HS15 was determined by the pyrene 1:3 ratio 

method.15 When the concentration of HS15 was increased, 

shifts occurred in the emission spectra (I
1
: λ

em
 from 372 nm 

to 374 nm; and I
3
: λ

em
 from 383 nm to 385 nm) of pyrene, 

resulting from a shift from an aqueous polar environment 

to a more hydrophobic medium. The CMC of HS15 was 

determined as 3.45±1.01 μg/mL (Figure 2A). As expected, 

the micelle core was very hydrophobic (I
1
/I

3
 ≈2.07). 

With the relatively small CMC value, HS15-based micelles 

are expected to withstand the rapid dilution by gastric fluid 

in vivo and maintain the stability of the encapsulated drugs 

after oral administration.

Stability of NIM nanomicelles
A major problem with micelle formulations is their long-term 

stability. To investigate the stability profiles of NIM-loaded 

nanomicelles over time, the hydrodynamic diameters, zeta 

potentials, and the percentage of NIM within micelles were 

characterized, which were shown to slightly increase over 

time. Importantly, the results revealed that the hydrodynamic 

diameters of micelles at different temperatures (4°C, 25°C, 

and 40°C) all remained ,50 nm, while the percentage of 

NIM encapsulated within micelles remained above 90% for 

up to 4 months, indicating that NIM micelles are a thermo-

dynamically stable system (Table 2).

To ensure the delivery of the carried drug to its site of 

absorption, micelles must be able to resist rapid dissocia-

tion upon dilution and exposure to the harsh conditions of 

the GI tract. Thus, the stability of NIM nanomicelles was 

investigated at 37°C in SGF (pH 1.6) or SIF (pH 6.5) for 

12 hours. The size of micelles remained unchanged for up 

to 12 hours in SGF. In contrast, the size of micelles slightly 

decreased from 12.71 nm to 9.01 nm over 12 hours in SIF 

Figure 2 In vitro evaluation of NIM nanomicelles.
Notes: (A) I1/I3 ratio versus polymer concentration of HS15 (log C) in water. (B) Stability of NIM nanomicelles in SGF (pH 1.6) and SIF (pH 6.5). (C) In vitro release profiles 
of NIM nanomicelles and Nimotop® in different release media. Data represent mean ± SD (n=3).
Abbreviations: HS15, PEG-660 ester of 12-hydroxystearic acid; I1/I3 ratio, pyrene 1:3 peak intensity ratio; log C, logarithms of the concentration of HS15; NIM, nimodipine; 
PEG, polyethylene glycol; SD, standard deviation; SGF, simulated gastric fluid without pepsin; SIF, simulated intestinal fluid without trypsin; h, hours.
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(Figure 2B). Because the retention time of nanomicelles in 

the GI tract is ,6 hours, the NIM nanomicelles were expected 

to maintain their structural stability during the course of 

absorption in the GI tract.

In vitro release of NIM
To simulate the in vivo biological environment, the 

in vitro release profiles of NIM were characterized under 

a pH gradient simulating the pH evolution of the GI tract 

(SGF, pH 1.6; SIF, pH 6.6). The cumulative release percent-

age of NIM from nanomicelles was ~65.06%±3.33% in SGF/

SIF within 24 hours, while Nimotop® showed a cumulative 

release of ,30% in 24 hours. As shown in Figure 2C, the 

cumulative release of NIM in SIF was much higher than 

that in SGF solution, which might be related to the different 

pH values. As reported previously,16 the swelling and ero-

sion of the polymers could be inhibited at lower pH, thus 

decreasing cumulative drug release.

To elucidate the release mechanism of NIM, the release 

kinetics of NIM was further fitted to several mathematical 

models (Table 3). For the regression of NIM release from 

NIM nanomicelles, the zero-order equation provided the 

best regression results, followed by the Weibull equation. 

The empirical Peppas model was used to gain further insight 

into the release mechanisms. According to the Peppas model, 

0.43, b ,0.85 indicates an anomalous transport behavior 

from spheres, ie, a superposition of both Fickian diffusion 

and Case II transport. Regarding NIM nanomicelles, the 

release kinetics of NIM could be interpreted as both Fickian 

diffusion and Case II transport driven.

The SGF/SIF setup successfully produced a sink condi-

tion without interfering with the micelle structure, which 

could be concluded from stability and in vitro release experi-

ments. However, the physiological conditions cannot be 

perfectly mimicked by any simulated fluid. Whether or not 

the orally administrated micelles are affected by constituents 

of the fluid in the GI tract remains unknown. Thus, the oral 

bioavailability of NIM micelles should be further explored 

using in vivo experiments.

Endocytosis of NIM nanomicelles by 
Caco-2 cells
The transcellular transport of nanomedicines through epithe-

lial cells may involve various processes, such as cell surface 

binding, endocytosis, intracellular trafficking, exocytosis, and 

transcytosis, and most of them relate to the subcellular struc-

tures in cells.23 Nanocarriers may engage in transport in cells 

via different pathways, which may be specific or nonspecific, 

energy dependent or independent.24 As a result, the transport 

mechanisms of nanomedicines across epithelial cells remain 

to be explored. In the following study, we investigated the 

effect of various endocytosis inhibitors on the cellular uptake 

of NIM nanomicelles (Figure 3A) in Caco-2 cell monolayers. 

All inhibitors demonstrated different levels of suppression 

on the internalization of NIM nanomicelles in Caco-2 cells. 

Among them, MβCD triggered the most significant uptake 

reduction (53.1%), followed by chlorpromazine (32.7%), 

filipin (26.2%), LY294002 (25.3%), nystatin (23.8%), indo-

methacin (18.1%), and amiloride (17.6%). The functions 

of each inhibitor used herein are summarized in Table 1. 

Table 3 Regression parameters of NIM release behaviors from NIM nanomicelles in different media via mathematical modeling

Function A B C R2

Zero order: y = a⋅t 1.66±0.19 NA NA 0.88845

First order: y = a⋅[1- exp(-b⋅t)] 96.88±3.80 0.05±0.01 NA 0.99027

Higuchi: y = a⋅t0.5 11.97±0.66 NA NA 0.94843

Korsmeyer–Peppas: y = a⋅tb 10.05±2.66 0.54±0.07 NA 0.94529

Weibull: y = a⋅[1- exp(-b⋅tc)] 95.56±4.99 0.04±0.01 1.04±0.11 0.98857

Note: Data presented as mean ± SD (n=3).
Abbreviations: NA, not available; NIM, nimodipine; SD, standard deviation.

Table 2 Stability of NIM nanomicelles at different temperature

Temperature Average size (nm) PDI Zeta potential (mV) Content (%)

Control 12.57±0.21 0.071±0.011 -8.56±1.19 100

4°C 12.74±0.75 0.101±0.017 -8.10±1.10 99.99±0.91
25°C 12.71±0.86 0.078±0.016 -8.18±1.26 99.90±1.03
40°C 12.90±0.91 0.090±0.011 -9.02±1.62 99.71±1.12

Note: Data presented as mean ± standard deviation.
Abbreviations: NIM, nimodipine; PDI, polydispersity index.
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Clathrin-mediated endocytosis is a common pathway involved 

in the internalization of multiple extracellular macromolecules 

and nanoparticles. Here, chlorpromazine, a specific inhibitor 

of clathrin-mediated endocytosis,19 significantly reduced the 

internalization of NIM nanomicelles, suggesting the involve-

ment of clathrin-mediated endocytosis. In addition, the inter-

nalization of extracellular substances can also be regulated 

by cholesterol-rich microdomains known as lipid rafts and 

caveolae.25 As inhibitors of the lipid raft/caveolae pathway,17 

MβCD and nystatin also showed an obvious inhibitory effect 

on the internalization of NIM nanomicelles (Figure 3A), 

indicating that the lipid raft/caveolae pathway was probably 

involved. Additionally, extracellular macromolecules can 

be internalized via macropinocytosis by ruffling the plasma 

membrane to form cargo-loaded macropinosomes.26 Here, 

amiloride18 has been found to decrease the cellular uptake of 

NIM nanomicelles in Caco-2 cells, revealing the existence of 

this pathway. The inhibitory effect of filipin on the cellular 

uptake of NIM nanomicelles further verified the lipid raft/

caveolae-mediated endocytosis. As a common inhibitor of 

cyclooxygenase (COX), indomethacin catalyzes the oxy-

genation of arachidonic acid (AA) to form prostaglandin G
2
 

(PGG
2
), as well as the metabolism of PGG

2
 to PGH

2
.27 AA and 

its metabolites thus play a critical role in the apical endocytosis 

of MDCK cells.27 Here, indomethacin was proven to signifi-

cantly decrease the internalization of NIM nanomicelles by the 

COX- and AA-mediated pathway. As previously reported,21 

COX-2 is found to co-localize with caveolin-1 and reversely 

regulates the caveolae-mediated endocytosis. Thus, COX 

might function in the lipid raft/caveolae-dependent internaliza-

tion of NIM nanomicelles. In sum, the internalization of NIM 

nanomicelles was probably regulated by multiple mechanisms, 

further indicating the complexity of potential interactions 

between nanomaterials and the biological system.

Phosphatidylinositol 3-kinases (PI3Ks) phosphorylate 

phosphatidylinositol and its derivatives generate important 

secondary messengers that are important regulators of 

cell metabolism, cytoskeletal remodeling, and membrane 

trafficking.28 A recent study22 showed that regulated syn-

thesis and turnover of phosphoinositides by membrane-

associated phosphoinositide kinases and phosphatases 

spatially restrict the location of effectors critical for cel-

lular transport processes, such as clathrin-mediated endo-

cytosis, autophagy, phagocytosis, macropinocytosis, and 

Figure 3 Endocytosis mechanism of NIM nanomicelles in Caco-2.
Notes: (A) Cellular uptake under different conditions; (B) quantitative detection of intracellular NIM during endocytosis process at 37°C and 4°C, respectively; (C) effect of 
the nanomicelles on F-actin filaments of Caco-2 cell monolayer observed under LCSM, scale bar =25 μm. Magnification was 400×. Data represent mean ± SD (n=3). *P,0.05, 
versus control; **P,0.01, versus control.
Abbreviations: HS15, PEG-660 ester of 12-hydroxystearic acid; NIM, nimodipine; PEG, polyethylene glycol; LCSM, laser confocal scanning microscopy; MβCD, methyl-β-
cyclodextrin; SD, standard deviation; h, hours; min, minutes.
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biosynthetic trafficking. LY294002, a PI3K inhibitor, sig-

nificantly decreased the intracellular uptake of NIM nano-

micelles, which demonstrated that the PI3K pathway played 

a critical role in the endocytosis of NIM nanomicelles.

Next, we compared the cellular uptake of NIM nano-

micelles at 37°C and 4°C (Figure 3B). The intracellular 

concentration of NIM at 37°C was significantly higher than 

that at 4°C. Temperature has been found to significantly 

influence the ligand–receptor interaction, the internaliza-

tion of ligand–receptor complexes, and the bioactivities of 

multiple membrane proteins including F-actins.29 As a result, 

temperature dependency is usually regarded as an indicator 

of energy-dependent active trafficking of macromolecules. 

Our results confirmed that the internalization of NIM nanomi-

celles is an active and energy-dependent endocytic pathway, 

which is summarized in Figure 4.

To gain insight into the morphology of Caco-2 cell mono-

layers, cells were stained with FITC–phalloidin. As shown in 

Figure 3C, after 10 minutes’ treatment of NIM nanomicelles, 

the fluorescence intensity was not significantly reduced 

compared to that of the negative control. After 30 minutes 

of incubation, the actin filaments were obviously disrupted, 

with intermittent fluorescent lumping encircling the cells 

with reduced fluorescence intensity. The role of actins in 

the endocytic trafficking of extracellular macromolecules in 

polarized epithelial cells has been previously clarified.30 As 

an important cytoskeleton component connecting multiple 

organelles and endosome vesicles, actins participate in multiple 

internalization processes and effectively regulate the intracel-

lular location of cargos. Thus, the co-localization and intracel-

lular distribution analysis showed that actins were involved in 

the internalization of NIM nanomicelles by Caco-2 cells.

Exocytosis mechanism in Caco-2 cell 
monolayer
Efflux transporters on the apical membrane of the enterocytes, 

which belong to the ATP-binding cassette (ABC) family, 

excrete their substrates from the cells into the intestinal 

lumen, thereby lowering the intracellular concentration and 

decreasing intestinal absorption.31 The three major types of 

ABC transporters expressed on the apical side of the epi-

thelial cells include multidrug resistance protein, multidrug 

resistance-associated protein 2, and breast cancer resistance 

protein, which pump out their substrates, including drugs, 

back into the gut lumen, thus forming a protective barrier in 

the intestine. Among these transporters, P-glycoprotein (P-gp) 

Figure 4 Schematic diagram of the nonspecific and partially energy-dependent transport of polymer nanoparticles in Caco-2 epithelial cells.
Notes: Black arrows represent the pathways we have demonstrated in this study, and green arrows indicate the proven pathways in previous reports. Red, blue, and pink 
arrows represent the proven regulation by actin, COX, and PI3K, respectively.
Abbreviations: COX, cyclooxygenase; PI3K, phosphatidylinositol 3-kinase.
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plays a key role due to its broad substrate specificity and high 

expression level in the intestinal epithelium. To explore the 

effect of P-gp on the exocytosis of NIM nanomicelles, the 

activity of P-gp was inhibited by verapamil, which resulted 

in the decreased exocytosis of NIM at 3 hours. PI3K regu-

lates the transport between the Golgi apparatus and vacuole/

lysosome.28 LY294002 was proven to inhibit the Golgi/

lysosome pathway in the exocytosis of NIM nanomicelles 

at 3 hours. Both Golgi complex and endoplasmic reticulum 

(ER) are important regulators for secretory ER/Golgi complex 

pathway and the endocytic recycling pathway.32 Here, EXO1 

was shown to inhibit the exocytosis of NIM nanomicelles at 

3 hours, indicating that the ER/Golgi pathway was involved 

in the exocytosis of NIM nanomicelles.33 On the basis of 

Figure 5, it seemed that verapamil, EXO1, and LY294002 

functioned more significantly at 3  hours than in the early 

period. This can be explained by the fact that many inhibitors 

have time-dependent behavior.34 The addition of MβCD as a 

cholesterol depletion agent triggered a dramatic reduction of 

intracellular NIM concentration (Figure 5). Thus, the presence 

of MβCD greatly enhanced the exocytosis, probably via a lipid 

raft/caveolae-dependent mechanism, while the presence of 

MβCD appeared to enhance the cell uptake of NIM nanomi-

celles in the endocytosis study. Considering the similar effect 

of lipid raft on viruses,35 we hypothesize that the disruption of  

the lipid raft/caveolae structure might facilitate the fusion 

of the recycling endosome compartment with the plasma 

membrane and trigger the increase of exocytosis. To explore 

the impact of COX inhibitor on the exocytosis of NIM nano-

micelles, indomethacin was selected as the inhibitor of COX, 

which did not show a significantly different level of NIM 

exocytosis compared to the control (P.0.05).

Furthermore, we looked at the effect of temperature on the 

exocytosis of NIM nanomicelles by measuring the intracel-

lular NIM nanomicelles when reincubated with HBSS-only 

medium. The amount of NIM nanomicelles exocytosed at 

4°C was significantly lower than that at 37°C (P,0.05; 

Figure 5). This indicates that the exocytosis process of NIM 

nanomicelles was largely energy independent.

Transport of NIM nanomicelles across 
Caco-2 cell monolayer
Figure 6A shows the Transwell® cell culture chamber. 

Figure 6B shows the effects of NIM formulations on the 

transport of NIM across the Caco-2 cell monolayer. Because 

of transport across the Caco-2 cell monolayer, the cumulative 

transport of NIM nanomicelles from the apical to the basal 

side was significantly enhanced as compared to transport 

of Nimotop® (P,0.05). The nanomicelle formulation sig-

nificantly increased the transport of NIM across the Caco-2 

cell monolayer, which could be attributed to the increased 

accessibility of NIM nanomicelles to the cell surface and the 

enhanced cell uptake.

Figure 6C shows the TEM images of micelle-containing 

media collected from the apical and basolateral sides of the 

Caco-2 cell monolayer 1 hour after applying NIM nanomicelles 

Figure 5 The influence of different inhibitors on intracellular NIM nanomicelles during the reincubation.
Notes: Data represent mean ± SD (n=3). *P,0.05, versus control at 1 hour. #P,0.05, versus control at 2 hours. $P,0.05, versus control at 3 hours.
Abbreviations: HS15, PEG-660 ester of 12-hydroxystearic acid; NIM, nimodipine; PEG, polyethylene glycol; MβCD, methyl-β-cyclodextrin; SD, standard deviation; h, hours.
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in the apical or basolateral chamber. Near-spherical particles 

of ~13 nm were observed on the basolateral side. The par-

ticle size of micelles at the basolateral side remained similar 

compared with those observed at the apical side. These results 

demonstrated that NIM nanomicelles either were intactly 

exocytosed across the Caco-2 cell monolayer or underwent 

rapid reassembly after exocytosis. The number of particles 

transported from apical to basolateral side (A→B) was more 

than those transported from basolateral to apical side (B→A), 

which can be explained by the different proteins in the apical 

and basolateral membranes of polar epithelial cells.36

The TEER values of the monolayers were routinely 

monitored before and during the experiment. TEER 

value .700 Ω⋅cm2 was included as an indicator for the integ-

rity and fluidity of Caco-2 cell monolayers. After exposure 

to NIM nanomicelles for 3 hours, the TEER value decreased 

to 565±31 Ω⋅cm2. This implied that the tight junctions of cell 

manolayers were not interrupted and the fluidity of the cell 

membrane was increased by the NIM nanomicelles, which 

could be advantageous in promoting intestinal permeability 

and cellular uptake in enterocytes.

Absorption of NIM nanomicelles in the 
GI tract
The intestinal absorption of NIM nanomicelles was sig-

nificantly changed with the site of the intestinal segments 

and the time points after oral administration. At 0.5 hour 

after oral administration, the tissue concentration of NIM 

nanomicelles was the highest in the duodenum, successively 

decreasing from the duodenum to the ileum (Figure 7A). 

Then, the NIM concentration from NIM nanomicelles in 

duodenum and jejunum was continuously reduced with the 

prolongation of the time intervals, while that in the ileum first 

reached the highest level at 1.0 hour (Figure 7B) and then 

was significantly reduced (P,0.05). The distribution of NIM 

nanomicelles in the intestine could be dependent on the GI 

hydrodynamics, gastric emptying rate and forces, intestinal 

transit time and flow rate, etc. Compared with tablets, the 

NIM concentration from NIM nanomicelles was obviously 

improved 3.13- and 2.25-fold in duodenum and jejunum 

at 1 hour, but not statistically promoted in these intestinal 

segments at 4.0  hours (P.0.05), as shown in Figure 7C. 

These results implied that the absorption of NIM nanomi-

celles in the intestine membrane was significantly improved 

by the self-assembled nanocarrier.

Moreover, the content of NIM nanomicelles in the intes-

tine was visualized under a multimodal imaging system. 

The hydrophobic fluorescent dye DiR was almost entirely 

encapsulated into the nanocarrier, and the particle size of the 

fluorescent nanomicelles was 13.02±1.24 nm (PDI =0.121), 

which was comparable with the size of NIM nanomicelles. 

The ex vivo images showed that a strong DiR fluorescence 

Figure 6 Transport of NIM nanomicelles across Caco-2 cell monolayer.
Notes: (A) Caco-2 cell monolayer model for human intestinal drug absorption study; (B) cumulative transport of NIM across the Caco-2 cell monolayers after applying 
NIM nanomicelles and Nimotop®. (C) TEM images of media collected from the apical (a) and basolateral (b) sides of Caco-2 cell monolayers after incubation with NIM 
nanomicelles. Scale bar =100 nm; magnification was 100,000×. Data represent mean ± SD (n=3).
Abbreviations: NIM, nimodipine; TEM, transmission electron microscopy; SD, standard deviation; min, minutes.
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was observed in duodenum and jejunum, but this hardly 

appeared in ileum, which confirmed the uptake of nanomi-

celles in the enterocytes lining the intestine. These images 

further indicated that nanomicelles were mainly absorbed in 

the proximal intestine at 0.5 hour after oral administration, 

which was in accordance with the quantitative measurement 

results (Figure 7D).

Pharmacokinetics and biodistribution 
of NIM nanomicelles
Following oral administration, micelles and Nimotop® 

showed very different pharmacokinetic profiles of NIM 

in rats. At each given time point, the NIM concentration 

in rats treated with NIM nanomicelles was significantly 

higher than that of Nimotop® (P,0.05) (Figure 8A). 

Figure 7 Absorption of NIM nanomicelles in the intestine at different time points after oral administration in rats.
Notes: (A) 0.5 hour; (B) 1 hour; and (C) 4.0 hours. (D) The ex vivo optical images of DiR-loaded nanomicelles in duodenum, jejunum, and ileum at 0.5 hour, 1 hour, and 
4.0 hours after oral administration. Data represent mean ± SD (n=3). *P,0.05, versus Nimotop®.
Abbreviations: DiR, 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine iodide; GI, gastrointestinal; NIM, nimodipine; SD, standard deviation; min, minutes.

Figure 8 Pharmacokinetics and biodistribution of NIM nanomicelles.
Notes: (A) The plasma concentration–time curve of NIM in rats treated with NIM nanomicelles or Nimotop®. (B) NIM concentration in various tissues in mice after oral 
administration of NIM nanomicelles and Nimotop®. Data represent mean ± SD (n=5). *P,0.05, versus Nimotop®.
Abbreviations: NIM, nimodipine; SD, standard deviation; h, hours.
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The pharmacokinetic parameters of NIM were summarized 

in Table 4. Compared with Nimotop®, NIM nanomicelles 

showed significantly higher C
max

 (5,201.7±67.5  ng/mL), 

AUC
0–∞ 

of 52,126.6±4,710.3  ng⋅h/mL (P,0.05). This 

indicates that oral absorption of lipophilic NIM was greatly 

enhanced by the self-assembled nanocarrier, which could be 

attributed to increased aqueous solubility of NIM, improved 

intestinal absorption, and subsequent intestinal lymphatic 

transport. HS15 was proven effective in enhancing the 

intestinal permeability and oral absorption of lipophilic 

drugs.13 Meanwhile, the nanometer-sized particles could 

improve the affinity and accessibility of nanomicelles to 

the intestinal membrane, thereby increasing its absorption 

in the intestine.

Subsequently, the distribution of NIM nanomicelles in 

mice was measured at 1 hour following oral administration 

(Figure 8B). The quantified measurements indicated that the 

orally administered NIM nanomicelles were mainly distrib-

uted in heart, lung, kidney, and brain in mice. In heart, the 

NIM nanomicelle group showed that the NIM concentration 

was significantly increased by 3.17-fold. Interestingly, the 

NIM nanomicelle group showed a significantly higher level 

of NIM distribution in brain than for Nimotop® after oral 

administration (P,0.05), which would be greatly beneficial 

for the treatment of neurovascular diseases.

Conclusion
In this study, Solutol® HS15-based NIM nanomicelles 

were fabricated using a one-step self-assembly method. 

NIM nanomicelles are proven to increase the solubility of 

NIM and facilitate the transport of NIM across the Caco-2 

cell monolayer, with significantly improved bioavail-

ability in mice after oral administration. The cell surface 

binding and uptake of NIM nanomicelles in Caco-2 cells 

were primarily energy dependent. In Caco-2 cells, the 

uptake of NIM nanomicelles was mediated by multiple 

pathways, including clathrin-dependent uptake, lipid raft/

caveolae-mediated endocytosis, and macropinocytosis. 

The exocytosis of NIM nanomicelles was probably regu-

lated by the Golgi complex and ER. In summary, Solutol® 

HS15-based nanomicelles represent a promising delivery 

system for improving the oral bioavailability of poorly 

soluble drugs.
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Abbreviations: AUC, area under the plasma concentration–time curve; CL, clearance; Cmax, the maximum concentration in plasma; NIM, nimodipine; SD, standard deviation; 
t1/2, elimination half–life; Tmax, peak time.
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