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Introduction: Shikonin is well known for its anti-inflammatory activity in cardiovascular diseases. However, the application of
shikonin is limited by its low water solubility and poor bioavailability. Methoxy poly (ethylene glycol)-b-poly (g-caprolactone) (MPEG-
PCL) is considered a promising delivery system for hydrophobic drugs. Therefore, in this study, we prepared shikonin-loaded MPEG-
PCL micelles and investigated their effect on endothelial-to-mesenchymal transition (EndMT) induced by inflammatory cytokines.
Methods: Shikonin was encapsulated in MPEG-PCL micelles using an anti-solvent method and the physiochemical characteristics of
the micelles (particle size, zeta potential, morphology, critical micelle concentration (CMC), drug loading and encapsulation
efficiency) were investigated. Cellular uptake of micelles in human umbilical vein endothelial cells (HUVECs) was evaluated using
fluorescence microscopy. In vitro EndMT inhibition was explored in HUVECs by quantitative real-time PCR analysis.

Results: The average particle size of shikonin-loaded MPEG-PCL micelles was 54.57+0.13 nm and 60 nm determined by dynamic
light scattering and transmission electron microscopy, respectively. The zeta potential was —6.23+0.02 mV. The CMC of the micelles
was 6.31x10 "mol/L. The drug loading and encapsulation efficiency were 0.88+0.08% and 43.08+3.77%, respectively. The MPEG-
PCL micelles significantly improved the cellular uptake of cargo with low water solubility. Real-time PCR analysis showed that co-
treatment with TNF-o and IL-1B successfully induced EndMT in HUVECs, whereas this process was significantly inhibited by
shikonin and shikonin-loaded MPEG-PCL micelles, with greater inhibition mediated by the shikonin-loaded MPEG-PCL micelles.
Conclusion: Shikonin-loaded MPEG-PCL micelles significantly improved the EndMT-inhibiting effect of the free shikonin. MPEG-
PCL is suitable for use more generally as a lipophilic drug carrier.
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Introduction

Shikonin, a lipophilic naphthoquinone, is the major active component extracted from the root of Lithospermum erythrorhizon,
also known as Zicao, a traditional Chinese herbal medicine.' Shikonin possesses multiple pharmacological activities,
including anti-inflammation,* anti-tumor®> and anti-oxidation.*’ Its prominent anti-inflammatory potential has gained
considerable attention for the treatment of cardiovascular diseases. Shikonin was reported to diminish the release of
inflammatory cytokines and macrophage infiltration in the heart of a lipopolysaccharide-induced cardiac dysfunction
mouse model.® Shikonin also attenuated the inflammatory response and fibrosis in an isoproterenol-induced myocardial
damage mouse model.” Moreover, shikonin decreased the levels of CD4" T cells and proinflammatory macrophages in the

inflammation-induced plaques and ameliorated the atherosclerosis induced by hyperhomocysteinemia. '
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The water solubility of shikonin is relatively low (0.10 mg/mL), resulting in poor bioavailability and limited potential for
clinical application.'" Several approaches have been adopted to improve its water solubility and bioavailability. In general,
shikonin is formulated as an oil-based preparation, such as creams and ointments. When shikonin was encapsulated into
cyclodextrin, the solubility, photostability and in vitro permeability of shikonin were successfully improved.'"'? Furthermore,
the water solubility of shikonin was dramatically increased (up to 181-fold) bound with lactoglobulin.'*'* Methoxy poly
(ethylene glycol)-b-poly (e-caprolactone) (MPEG-PCL), a biocompatible and biodegradable amphipathic di-block copolymer,
is well known to enhance solubility and facilitate controlled release of the encapsulated cargo.' In aqueous environments, MPEG-
PCL spontaneously forms a core-shell structure with the hydrophilic PEG as the outer shell and the lipophilic PCL as the inner
core. During this process of micelle formation, a lipophilic drug can be encapsulated within the lipophilic PCL core, resulting in
a marked improvement in its water solubility.'® When the lipophilic macrolide antibiotic azithromycin was loaded into MPEG-
PCL micelles, its water solubility was greatly enhanced (>13-fold), and its antibacterial activity was comparable to that of the raw
drug."” Therefore, in this study, we explored the potential of MPEG-PCL di-block copolymers to improve the water solubility and
bioavailability of shikonin.

Inflammation is one of the most important risk factors for endothelial dysfunction, which is considered to be an
initiation factor in cardiovascular diseases.'®?° As the key link between inflammation and endothelial dysfunction,
endothelial-to-mesenchymal transition (EndMT) is a complex biological process in which endothelial cells gradually
transform into mesenchymal cells.21#2 During EndMT, endothelial cells lose their specific markers, such as CD31, Von
Willebrand factor (vWF) and vascular endothelial-cadherin (VE-cadherin), accompanied by the emergence of mesench-
ymal markers, such as a-smooth muscle actin (a-SMA), fibroblast-specific protein 1 (FSP-1) and smooth muscle 22 o
(SM22a). These changes are essential characteristics of EndMT. Inflammatory cytokines induce EndMT and lead to
pathological changes including tissue fibrosis and atherosclerosis.”>** Interleukin-1 beta (IL-1P) and tumor necrosis
factor-alpha (TNF-a) have been reported to promote EndMT of cells,? including human umbilical vein endothelial cells
(HUVECs).?® However, the effect of shikonin and shikonin-loaded MPEG-PCL micelles on EndMT induced by
inflammatory cytokines IL-1B and TNF-a remains elusive.

Therefore, in the present study, we prepared and characterized shikonin-loaded MPEG-PCL micelles and evaluated
their ability to inhibit EndMT of HUVECS induced by TNF-a and IL-1 compared with raw shikonin.

Methods
Preparation of Shikonin-loaded Methoxy Poly (Ethylene Glycol)-b-Poly

(e-caprolactone) Micelles

Shikonin-loaded MPEG-PCL micelles were prepared using an anti-solvent method as previously described.?’ Briefly,
5.0 mg shikonin (National Institutes for Food and Drug Control, China) was dissolved in 1 mL acetone, which was further
diluted to obtain solution of different concentrations (0.625, 1.25, 2.50 and 5.00 mg/mL) before 12.0 mg MPEG-PCL
(Daigang Biomaterial, China) was dissolved. The shikonin-MPEG-PCL mixtures were then added dropwise into 1.2 mL
distilled water under magnetic stirring. After 4 h, the acetone was removed by rotary evaporation. The micelle solution was
centrifuged at 15,000 rpm for 10 min and then filtered (0.22 pm membrane) to remove the unencapsulated drug. Coumarin
6-loaded MPEG-PCL micelles were prepared as a flourescent probe using the same method.

Characterization of Shikonin-Loaded Methoxy Poly (Ethylene Glycol)-b-Poly
(e-caprolactone) Micelles

Particle Size and Zeta Potential

After 10-fold dilution with distilled water, the average particle size, size distribution and zeta potential of the micelles
were measured with a Zeta-sizer Nano (Malvern Instruments, UK).

Morphology
The morphology of the micelles was evaluated by transmission electron microscopy (TEM). A drop of micelle solution
was placed on a copper grid for 10 min before the excess solution was removed with filter paper. Next, a drop of 2%
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phosphotungstic acid was placed on the copper grid for 30s and the excess solution was removed with filter paper. After
air-drying at room temperature, the morphology of the micelles was evaluated by TEM (Hitachi H-7650, Japan).

Critical Micelle Concentration

The critical micelle concentration (CMC) of MPEG-PCL was determined as previously described.”®** Briefly, 1.5 pL
pyrene solution (0.2 mmol/L) in ethanol was added to 1 mL polymer solutions at different concentrations (1x10 7,
5x107°, 1x107%, 5x10°%, 1x1077, 51077, 1x10°®, 5x10°%, 1x107>, 510>, 1x10 * and 1x10> mol/L). The fluorescence
intensity at 372 nm (I1) and 383 nm (I3) was measured using a Flex Station 3 Multi-Mode Microplate Reader (Molecular
Devices, USA). The CMC of MPEG-PCL was determined by plotting 13/I1 values versus log (polymer concentration),
with the CMC represented by the lower inflection point of the plot.

Drug Loading and Encapsulation Efficiency

The amount of shikonin encapsulated in the MPEG-PCL micelles was examined by a HPLC under the conditions listed
in Table 1. A 50-pL sample of shikonin-loaded MPEG-PCL micelles solution was mixed with 950 uL mobile phase
(75% methanol and 15% H,0) and ultrasonicated for 30s. The sample was filtered (0.22 um membrane) before injection
into the HPLC.

The HPLC method was validated based on the guidelines provided by the US Food and Drug Administration (FDA).
The specificity of the method was verified based on the chromatogram of shikonin-loaded micelles. In the linearity test,
the calibration curves were generated by plotting the ratio of the peak area of freshly prepared shikonin samples versus
the concentration. The coefficient of determination (r*) was then calculated. r* > 0.99 typically is set as the threshold for
acceptable linearity. The efficiency of the extraction procedures was determined as follows: blank MPEG-PCL was
spiked with different concentrations of shikonin, which was then extracted and evaluated by HPLC.

The drug loading and encapsulation efficiency were calculated with the following equations:** 2

. Amount of drug in micelles
Drug loading (%) = Total amount of micelles x 100 M

A t of d i icell
Encapsulation efficiency (%) = TOUMT o7 g T miceres

100 2
Total amount of drug added % @

The precision of the assay was evaluated by analyzing the quality control samples at nominal concentrations (4, 6 and 8
pg/mL) with at least five replicates for each concentration within the same day. The threshold for acceptable assay
precision was set at +15% bias and 15% relative standard deviation (RSD).

In vitro Studies of Shikonin-Loaded Methoxy Poly (Ethylene Glycol)-b-Poly (e-caprolactone)

Micelles
HUVECs were obtained from the American Type Culture Collection (Manassas, Virginia). Briefly, HUVECs were
cultured in tissue culture flasks in DMEM/F-12 supplemented with 10% FBS and 100 U/mL penicillin-streptomycin in

Table | HPLC Condition for Shikonin and Coumarin 6 Quantification

Parament Condition of Shikonin Condition of Coumarin 6

Column Phenomenex C18, 4.6x250 mm, 5 pm | Phenomenex C18, 4.6%x250 mm, 5 um
Mobile phase A=Methnol, B=H,0O B=Acetonitrile, C=1%. formic acid in water
Flow rate 1.0 mL/min 1.0 mL/min

Gradient 75% A + 25% B 95% B + 5% C

Temperature 30 °C 30 °C

Injection 20 pb 20 pL

Detection DAD, Amax: 516 nm DAD, Amax: 446 nm

Retention time 6 min 4.6 min

Abbreviation: DAD, diode array detection.
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a humidified atmosphere (Hyclone, USA). When the HUVECs reached confluence, cells were seeded in 12-well plates.
After 24 h, the culture medium was replaced with serum-free medium and the cells were incubated for a further 12
h prior to experimental use.

Shikonin was dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich, USA) as a stock solution and diluted to the
desired concentrations for use in experiments. The final concentration of DMSO was less than 0.05% in the culture

medium and DMSO served as a control.

Cellular Uptake Study

The in vitro cellular uptake of MPEG-PCL micelles loaded with the fluorescent probe coumarin 6 (Tokyo Chemical Industry,
Japan) was assessed according to a previously described method with some modifications.>*** Briefly, a sample (100 L) of
the micelles was mixed with 400 pL distilled water and 500 uL acetonitrile and vortexed for 30s before the amount of
coumarin 6 loaded in the MPEG-PCL micelles was determined by HPLC under the conditions listed in Table 1.

HUVECs were seeded in a 96-well plate at a density of 30,000 cells/well. After incubation for 24 h, the original
medium was replaced with coumarin 6-loaded MPEG-PCL micelles dispersed in DMEM/F-12 solution, free coumarin 6
dissolved in DMSO-DMEM/F-12 solution at the same concentration as that of the micelles (DMSO content <0.1%) or
saturated free coumarin 6 in DMEM/F-12. After incubation for 2, 8 and 24 h, the medium was discarded and the cells
were washed three times with PBS to remove the un-internalized coumarin 6. Next, the cells were fixed with 4%
paraformaldehyde before fluorescence images were taken and the fluorescence intensity in each group was evaluated
under an inverted fluorescence microscope Axio Vert.Al (ZEISS, Germany).

In vitro EndMT Inhibition Study by Quantitative Real-Time PCR

To determine the effects of shikonin and shikonin-loaded MPEG-PCL micelles on EndMT, HUVECsS in 12-well plates
were pretreated with shikonin or shikonin-loaded MPEG-PCL micelles at different concentrations (0.25, 0.5 and 1.0
umol/L) for 1 h, followed by co-treatment with TNF-a (10 ng/mL) and IL-1B (10 ng/mL) (Pepro Tech, USA) for an
additional 24 h. Total RNA was then extracted from cells using RNAiso Plus reagent (Takara, Japan). cDNAs were
synthesized from total RNA using PrimeScript RT Master Mix according to the manufacturer’s instructions (Takara,
Japan). The primers used in the real-time PCR analysis were displayed in Table 2. cDNAs were amplified using the
SYBR Premix Ex Taq II kit (Takara, Japan). Data were normalized to the levels of GAPDH mRNA and the relative gene

expression was analyzed quantitatively using the comparative Ct method (2744<T),

Table 2 Primer Sequences Used for Quantitative Real-Time PCR Analysis

Gene Primer Sequence (5’-3’)
Human CD31 Forward GAGTCCAGCCGCATATCC
Reverse TGACACAATCGTATCTTCCTTC
Human VE-cadherin Forward CAGCCCAAAGTGTGTGAGAA
Reverse TGTGATGTTGGCCGTGTTAT
Human vWF Forward TCGGGCTTCACTTACGTTCT
Reverse CCTTCACTCGGACACACTCA
Human SM22q. Forward AGTGCAGTCCAAAATCGAGAAG
Reverse CTTGCTCAGAATCACGCCAT
Human o-SMA Forward CCTTCACTCGGACACACTCA
Reverse GCCATGTTCTATCGGGTACTTC
Human FSP-1 Forward GATGAGCAACTTGGACAGCAA
Reverse CTGGGCTGCTTATCTGGGAAG
Human GAPDH Forward GGAGCGAGATCCCTCCAAAAT
Reverse GGCTGTTGTCATACTTCTCATGG

Abbreviations: CD3I, cluster of differentiation 31; vWF, Von Willebrand factor; VE-cadherin, vascular
endothelial-cadherin; a-SMA, a-smooth muscle actin; FSP-1, fibroblast-specific protein |; SM22qa, smooth muscle
22 o; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

4500  eee International Journal of Nanomedicine 2022:17
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Li et al

Statistical Analysis
Results were presented as mean + standard deviations (SD). Differences among groups were evaluated by two-tailed
Student’s #-tests and ANOVA using GraphPad Prism software. P < 0.05 was considered to be statistically significant.

Results

Particle Size and Zeta Potential of Shikonin-Loaded Methoxy Poly (Ethylene Glycol)-
b-Poly (e-caprolactone) Micelles

Dynamic light scattering (DLS) analysis is commonly used to analyze the size and surface charge of nanoparticles. As
shown in Figure 1, the shikonin-loaded MPEG-PCL micelles prepared using the anti-solvent method showed a relatively
homogenous distribution (polydispersity index (PDI) = 0.41£0.003) in terms of particle size (54.57+0.13 nm) and zeta
potential (—6.23+0.02 mV). The average particle size and zeta potential of different formulations are listed in Figure S1
and Table S1. TEM analysis showed that the shikonin-loaded micelles exhibited a homogeneous spherical morphology
with an average particle size of 60 nm (Figure 2), which was similar to that determined by DLS. As shown in Figure 3,
the CMC of MPEG-PCL was approximately 6.31x10"" mol/L.
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Figure | Characterization of shikonin-loaded MPEG-PCL micelles. (A) Particle size distribution of shikonin-loaded MPEG-PCL micelles. (B) Zeta potential of shikonin-
loaded MPEG-PCL micelles.
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Figure 2 TEM image of shikonin-loaded MPEG-PCL micelles.
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Figure 3 Critical micelle concentration of MPEG-PCL micelles.

Drug Loading and Encapsulation Efficiency

After HPLC quantification, the drug loading and encapsulation efficiencies were calculated as described in the Methods
section. First, the HPLC method for shikonin quantification was validated by examining the specificity, linearity and
precision according to the guidelines provided by the US FDA.** No interfering peak was observed at the retention time
of shikonin (Figure 4A), suggesting that the method has good specificity. The shikonin calibration curve (Figure 4B)
showed good linearity (r* = 0.9985) in the range of 2 pg/mL to 10 pg/mL. The extraction recovery of shikonin from the
micelles was 98.22-99.20% (Table 3). The precision of the assay (low-high shikonin concentrations) ranged from 0.90—
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Figure 4 Quantitative HPLC analysis of shikonin-loaded MPEG-PCL micelles. (A) HPLC spectrum of shikonin-loaded MPEG-PCL micelle demulsification solution. (B)

Standard curve of shikonin.

1.43% RSD (Table 4), which was acceptable according to the US FDA regulatory requirement.** The drug loading and
encapsulation efficiency values for the micelles are shown in the Table 5. The formulation No.l showed an acceptable
drug loading of 0.88+0.08% and the highest encapsulation efficiency of 43.08+3.77% compared with other formulation,

so it was used in the following research.

Table 3 Extraction Recovery of Shikonin in Blank MPEG-PCL Micelles

Matrix Spiked Concentration (ng/mL) | Detected Concentration (ng/mL) | Extraction Recovery (%) | RSD

Blank MPEG-PCL 4.0 3.9310.07 98.22% 1.43%

Micelles 6.0 5.92+0.08 98.73% 0.9%
8.0 7.94+£0.06 99.20% 1.27%

Notes: Results are presented as mean+SD, n=5.
Abbreviation: RSD, relative standard deviation.
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Table 4 Precision Test Results of Shikonin by the HPLC Method

Matrix Spiked Concentration (ng/mL) | Precision (RSD%)
MPEG- 4.00 1.33
PCL 6.00 1.27

8.00 1.19

Abbreviation: RSD, relative standard deviation.

Table 5 Drug Loading and Encapsulation Efficiency of Shikonin-Loaded MPEG-PCL Micelles

Formulation No. | Shikonin (mg) | MPEG-PCL (mg) | Theoretical DL (%) | DL (%) EE (%)
| 025 12.0 2.04 0.88+0.08 | 43.08+3.77
2 05 12,0 4.00 121+0.13 | 30.30£3.23
3 1.0 12.0 7.69 1.3520.11 | 17.55%1.41
4 20 12,0 14.29 1424006 | 9.9120.39

Note: Results are presented as mean+SD, n=3.
Abbreviations: MPEG-PCL, methoxy poly (ethylene glycol) -b-poly (e-caprolactone); DL, drug loading content; EE, entrapment efficiency.

Cellular Uptake of Methoxy Poly (Ethylene Glycol)-b-Poly (e-caprolactone) Micelles
To investigate the cellular uptake of MPEG-PCL micelles, we used the fluorescent molecule, coumarin 6, with low water
solubility as a probe. Both coumarin 6 and shikonin are poorly soluble in water, and the average particle size and the zeta
potential of coumarin 6-loaded MPEG-PCL micelles (58.64+0.27 nm and —3.31+0.22 mV, respectively) were similar to the
corresponding characteristics of shikonin-loaded MPEG-PCL micelles (54.57+0.13 nm and —6.23+0.02 mV, respectively)
(Figure S2). Therefore, in this uptake study, coumarin 6-loaded MPEG-PCL micelles were employed as a surrogate for
evaluation of the cellular uptake of shikonin-loaded MPEG-PCL micelles.

As shown in Figure 5, the cellular uptake of coumarin 6 from a saturated aqueous solution was quite limited at all time-
points and was not detectable under the microscope, possibly due to its extremely low solubility in water. After encapsulation
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of coumarin 6 === Coumarin 6-loaded MPEG-PCL micelles
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Figure 5 In vitro cellular uptake of MPEG-PCL micelles. (A) Fluorescence images of HUVEC uptake of coumarin 6-loaded MPEG-PCL micelles, saturated water solutions
and DMSO solutions of coumarin 6. (B) Quantification of the fluorescence intensity of coumarin 6 in HUVECs. Data represent the mean+SD, n=3. *P < 0.05, **P < 0.01.
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in MPEG-PCL micelles, coumarin 6 uptake was significantly improved, which was consistent with a previous study.?’
However, the uptake of coumarin 6-loaded MPEG-PCL micelles was still lower than that of free coumarin 6 at the same

concentration solubilized with DMSO.

Effect of Shikonin-Loaded Methoxy Poly (Ethylene Glycol)-b-Poly (e-Caprolactone)

Micelles on Endothelial-to-Mesenchymal Transition

Our results showed that inflammatory cytokines TNF-a and IL-1B co-treatment induced EndMT in HUVECs (P < 0.01).
Shikonin and shikonin-loaded MPEG-PCL micelles (0.25 pumol/L) had no significant effect on EndMT of HUVECs
(Figure 6A, B, D and E). However, at 1.0 pmol/L, both shikonin and shikonin-loaded MPEG-PCL micelles upregulated
expression of the endothelial cell markers CD31, vWF and VE-cadherin compared with the TNF-a and IL-1B co-
treatment control group (Figure 6A—C), while expression of the mesenchymal cell markers a-SMA, FSP-1 and SM22a
were downregulated (Figure 6D—F). Furthermore, shikonin-loaded MPEG-PCL micelles (1.0 pumol/L) showed signifi-
cantly stronger EndMT inhibition than shikonin (1.0 umol/L) (Figure 6A, C and F).

Discussion

EndMT induced by inflammatory cytokines was reported to be a crucial process in vascular inflammation in cardiovas-
cular diseases. Shikonin is well known for its anti-inflammatory activity, which may be a drug candidate for EndMT.
However, the application of shikonin is limited by its low water solubility and poor bioavailability. Amphipathic di-block
copolymer of MPEG-PCL exhibited good biocompatibility in various cytotoxicity studies®>>* and in vivo studies.*® It

was considered as a promising drug delivery system for hydrophobic drugs.
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Figure 6 Effects of shikonin-loaded MPEG-PCL micelles on EndMT induced by TNF-a and IL-1B. The expression of endothelial cell markers CD3 1, vWF, VE-cadherin (A-C)
and mesenchymal cell markers a-SMA, FSP-1, SM220 (D-F) were detected by quantitative real-time PCR. Data represent the mean+SD, n=3. **P < 0.0l vs the control
group. #P < 0.05, P < 0.01 vs the TNF-a+IL-1B group. *P < 0.05, **P < 0.01 vs the shikonin group.
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In this study, shikonin was successfully encapsulated in MPEG-PCL micelles using an anti-solvent method and the micelles
were characterized in terms of particle size, zeta potential, morphology, CMC, drug loading and encapsulation efficiency. The
particle size of the shikonin-loaded MPEG-PCL micelles was in good accordance with that of the drug-loaded MPEG-PCL
micelles reported previously.® Typically, micelle sizes is proportional to the block length. Drug-loaded nanoparticles with
arelatively small size (20-200 nm) can accumulate in pathological regions such as sites of inflammation and tumors via enhanced
permeability and retention effect.'®*" Therefore, based on their size, our nanoparticles were expected to accumulate at sites of
inflammation.*' The PDI demonstrated a narrow size distribution of the micelles generated on our study, which is preferable to
a broad size distribution, which increases the uncertainty of the pharmacokinetic parameters of drug-loaded micelles.*'
Furthermore, the slightly negative zeta potential of the shikonin-loaded MPEG-PCL micelles was similar with that reported
previously.**** When the polymer concentration is lower than the CMC, the polymer distributes at the air-aqueous interface in the
form of unimers. When the concentration is higher than its CMC, micelles are formed with molecules are incorporated into the
hydrophobic core. The CMC of our MPEG-PCL micelles correlates well previous reports of CMCs of MPEG-PCL.>*** In this
study, the CMC was far below the concentration of MPEG-PCL used to generate shikonin-loaded micelles. Such low CMC values
guaranteed self-assembly of these di-block copolymers into nano-scaled carriers with favorable thermodynamical stability.**
After confirming that the specificity, linearity, extraction recovery and precision of the HPLC method used to calculate the drug
loading and encapsulation efficiencies of the shikonin-loaded MPEG-PCL micelles met the US FDA requirements, we showed
that the drug loading of micelles increased along with the amount of shikonin added. However, the encapsulation efficiency
decreased as the amount of shikonin added. Formulation No. 1 showed an acceptable drug loading and the highest encapsulation
efficiency compared with other formulations and was therefore used in our subsequent research.

The cellular uptake of a saturated aqueous solution of coumarin 6 was undetectable by fluorescence microscopy at all time-
points, possibly due to its extremely low water solubility. After encapsulation in MPEG-PCL micelles, the uptake of coumarin 6
was significantly improved, which was consistent with a previous study.?” However, the uptake of coumarin 6-loaded MPEG-
PCL micelles was still lower than that of free coumarin 6 at the same concentration solubilized with DMSO. This limited uptake
efficiency of MPEG-PCL micelles may stem from its energy-dependent, caveolae- and/or clathrin-mediated uptake,
a mechanism which could be saturated.?’ In contrast, free coumarin 6 solution was taken up by passive diffusion, which is an
energy and receptor independent mechanism. Therefore, it can be hypothesized that the improved uptake of poorly water-soluble
molecules by MPEG-PCL micelles is due mainly to the improved solubility through encapsulation in MPEG-PCL micelles.

EndMT is induced by inflammatory cytokines and is regarded as the key link between vascular inflammation and endothelial
dysfunction, which leads to cardiovascular diseases. We showed that shikonin and shikonin-loaded MPEG-PCL micelles

MW—
MW—

MPEG-PCL Shikonin

he
:

Shikonin-loaded MPEG-PCL micelles

|

EndMT

S
V4
Loss of endothelial markers

Endothelial cells Gain of mesenchymal markers Mesenchymal cells

Figure 7 Shikonin-loaded MPEG-PCL micelles exhibit a significant inhibitory effect on EndMT in HUVECs.
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significantly inhibited EndMT. Therefore, we speculate that the inhibitory effect of shikonin on EndMT might be related with its
anti-inflammatory activity. It has been reported that the anti-inflammatory effect of shikonin is mediated by inhibiting the
activation of the nucleotide-binding oligomerization domain-like receptor inflammasome and NF-«B signaling pathway.*> More
importantly, our results suggest that shikonin-loaded MPEG-PCL micelles mediate more efficient inhibition of EndMT than
shikonin at the same concentration.

Conclusion

In summary, shikonin-loaded MPEG-PCL micelles were successfully prepared and shown to exert stronger inhibitory effect
on EndMT than free shikonin (Figure 7). These findings provide the experimental basis for optimization of the dose of
shikonin for micelle preparation and evaluation of the biological activity of shikonin-loaded MPEG-PCL micelles for clinical
use. Furthermore, our study demonstrates that MPEG-PCL is suitable for use more generally as a lipophilic drug carrier.
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