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Abstract: Liposomes are considered to be one of the most successful drug delivery
systems.
They apply nanotechnology to potentiate the therapeutic efficacy and reduce
the toxicity of conventional medicines. Shikonin and alkannin, a pair of chiral natural
naphthoquinone compounds, derived from Alkanna and Lithospermum species, are widely
used due to their various pharmacological activities, mainly wound healing, antioxidant,
anti-inflammatory and their recently established antitumor activity. The purpose of this
study was to prepare conventional and PEGylated shikonin-loaded liposomal formulations
and measure the effects of different lipids and polyethylene glycol (PEG) on parameters
related to particle size distribution, the polydispersity index, the zeta potential, drug-loading
efficiency and the stability of the prepared formulations. Three types of lipids were assessed
(1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-Distearoyl-sn-glycero-3-phosphocholine
(DSPC) and 1,2-distearoyl-sn-glycero- 3-phospho-rac-(1-glycerol) (DSPG)), separately and in mixtures,
forming anionic liposomes with good physicochemical characteristics, high entrapment efficiencies
(varying from 56.5 to 89.4%), satisfactory in vitro release profiles and good physical stability. The
addition of the negatively charged DSPG lipids to DOPC, led to an increment in the drug’s
incorporation efficiency and reduced the particle size distribution. Furthermore, the shikonin–loaded
PEGylated sample with DOPC/DSPG, demonstrated the most satisfactory characteristics. These
findings are considered promising and could be used for further design and improvement of
such formulations.
Keywords: alkannin; cancer; stability study; drug delivery system

1. Introduction
Alkannin and shikonin (A/S; Figure 1), a chiral pair of natural naphthoquinone compounds,
biosynthesized in the roots of more than 150 species of the Boraginaceae plant family (such as
lithospermum, Alkanna, Anchusa and Echium) are widely used due to their various pharmacological
activities. Biological investigations have established that A/S possess a wide spectrum of biological
activities, such as strong wound healing, and tissue regenerative, anti-inflammatory, antioxidant and,
most prominently, antitumor activity. It is worth-mentioning that alkannin and shikonin (the S- and
R-isomer, respectively; Figure 1) display similar levels of pharmacological activity [1–6].
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[7,8]. Recent studies confirmed that shikonin has the potential to induce apoptosis in a variety of
human
tumor
Fluids
2018,
3, 36 cell lines, including leukemia cell lines in vitro and in vivo, with minimal or no toxicity
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to healthy human cells [9–11].

Figure 1. The enantiomers, alkannin and shikonin.
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(Absorption, bioDistribution, Metabolism, and Excretion) [16,17].
(doxorubicin), DaunoXome® (daunorubicin), Myocet® /Evacet® (doxorubicin), Ambisome®
Liposomes represent an advanced type of nanotechnology that has the potential to target active
(Amphotericin B) and Marqibo® (Vincristine) [21,22].
molecules (anticancer agents, peptide hormones, enzymes, proteins, vaccines) to the site of action,
A significant improvement came with the incorporation of PEG-lipid leading liposomes
improving the therapeutic index [18–20]. Many clinical studies have shown that liposomes have
(PEGylated or Stealth® liposomes) which remain for longer time periods in the blood circulation. The
improved the pharmacokinetics and biodistribution of therapeutic agents. Several anticancer liposomal
presence of PEGs on the surface of liposomes prevents their uptake by the reticuloendothelial system
formulations (conventional and PEGylated) have been approved and are commercially available,
(RES), which is attributed to their highly hydrated surfaces due to the hydrophilic polymers that
such as DOXIL® /Caelyx® (doxorubicin), Lipo-Dox® (doxorubicin), Myocet® /Evacet® (doxorubicin),
result in the inhibition of protein adsorption and opsonization of the liposomes [23]. In this way,
DaunoXome® (daunorubicin), Myocet® /Evacet® (doxorubicin), Ambisome® (Amphotericin B) and
liposomes have, to some extent, the ability to pass in and out of the liver and spleen, avoiding
Marqibo® (Vincristine) [21,22].
clearance, and thus remain in the tumor tissue due to the depleted lymphatic drainage [24,25]. In
A significant improvement came with the incorporation of PEG-lipid leading liposomes
previous studies, anticancer agents that were incorporated in PEGylated liposomes displayed longer
(PEGylated or Stealth® liposomes) which remain for longer time periods in the blood circulation.
circulation times and enhanced drug delivery to tumor tissues [26].
The presence of PEGs on the surface of liposomes prevents their uptake by the reticuloendothelial
There is great interest in exploiting the wide range of anticancer activities of the hydrophobic
system (RES), which is attributed to their highly hydrated surfaces due to the hydrophilic polymers
A/S and derivatives towards several tumors, and therefore an optimum administration system needs
that result in the inhibition of protein adsorption and opsonization of the liposomes [23]. In this way,
liposomes have, to some extent, the ability to pass in and out of the liver and spleen, avoiding clearance,
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and thus remain in the tumor tissue due to the depleted lymphatic drainage [24,25]. In previous studies,
anticancer agents that were incorporated in PEGylated liposomes displayed longer circulation times
and enhanced drug delivery to tumor tissues [26].
There is great interest in exploiting the wide range of anticancer activities of the hydrophobic
A/S and derivatives towards several tumors, and therefore an optimum administration system
needs to be developed. The incorporation of a hydrophobic drug (such as shikonin) into
liposomes improves its bioavailability and leads to increased stability and anticancer activity, along
with decreased drug toxicity. Regarding shikonin, it has been recently proven that liposomes
significantly decrease its toxicity in vitro and in vivo [27]. Furthermore, under the frame of
developing drug delivery systems with alkannins and shikonins as bioactive molecules, we have
successfully incorporated shikonin into both conventional (with lipids such as egg phosphatidylcholine
(EPC), 1,2-dipalmitoylphosphatidylcholine (DPPC) and 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC)) [28] and stealth liposomes (DSPC-PEG2000 , EPC-PEG2000 , DPPC-PEG2000 ) [29].
In this regard, the scope of this paper was to expand our previous research by preparing
and characterizing shikonin-loaded liposomes, with different types of lipids, aiming to produce
an optimized formulation and to compare this with the ones already prepared. Specifically,
DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) and a mixture of lipids with the charged lipid
DSPG (1,2-distearoyl-sn-glycero-3-phospho-rac-(1-glycerol) sodium salt), like DOPC/DSPG and
DSPC/DOPC, were used for the first time, for both conventional and stealth liposomes. The negatively
charged lipid was used to prepare anionic liposomal formulations in order to prevent the aggregation
of liposomes due to electrostatic repulsion [24,30,31]. Furthermore, it was reported that the presence of
negatively charged lipids in liposomes, allows rapid uptake by the reticuloendothelial system [24],
while large and positively charged liposomes induce cytokine activation and toxicity and thereby their
safety for clinical use is limited [32].
Thus, three conventional and PEGylated liposomal formulations of shikonin (DOPC,
DOPC/DSPG and DSPC/DSPG) were formulated and characterized with consideration of their
physicochemical characteristics (particle size distribution, ζ-potential, entrapment efficiency), in vitro
release profiles and physicochemical stability (4 ◦ C for a 28 days period: drug leakage, particle size
distribution, ζ-potential). The new formulations were also compared with our previously reported
shikonin-loaded liposomes [28,29].
2. Materials and Methods
2.1. Materials
Shikonin was purchased from Ichimaru Pharcos Co., Ltd. (Gifu, Japan) and was used
after purification through column chromatography followed by recrystallization with n-hexane,
in accordance with Assimopoulou et al. [33] (purity obtained: 100% by HPLC-DAD, Agilent
Technologies, Waldbronn, Germany).
1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC; MW 790.15); 1,2-dioleoyl-sn-glycero3-phosphocholine (DOPC; MW 786.11); and 1,2-distearoyl-sn-glycero- 3-phospho-rac-(1-glycerol)
sodium salt) (DSPG; MW 801.06) were generously donated by Lipoid GmbH (Ludwigshafen, Germany).
N-(Carbonyl-methoxypolyethyleneglycol 2000)—1,2 distearoyl-en-glycero-3-phosphoethanolamine
(DSPE-mPEG2000; MW 2806.0) was purchased from Genzyme Pharmaceuticals (Cambridge, MA,
USA). Phosphate buffer saline of pH 7.4 (PBS), cholesterol (CHOL), sodium lauryl sulfate (SLS),
Sephadex G75 and dialysis sacks (molecular weight cut off 13,000) were obtained from Sigma–Aldrich
(St. Louis, MO, USA). Organic solvents used for all experiments were of analytical grade and were
purchased from Sigma–Aldrich (St. Louis, MO, USA), and water was of HPLC grade.
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2.2. Liposome Preparation
Shikonin-loaded liposomes were formulated using the thin-film hydration method. In brief,
lipids, cholesterol and shikonin were dissolved in CHCl3 /MeOH 2:1 (v/v) using the same molar ratios
for all samples: lipid/CHOL (4.5:1), neutral lipid/charged lipid (9:1), lipid/DPSE-mPEG2000 (13:1)
and lipid/shikonin (30:1) (see Table 1). Organic solvent was slowly removed in a rotary evaporator
(EYELA N-N Series, Digital Water bath SB–651, Tokyo, Japan), forming a thin lipid film on the flask.
Solvent traces were removed by leaving the flask overnight under vacuum. The lipid film was then
hydrated by the addition of PBS (6.5 mL for drug-loaded liposomes and 2 mL for liposomes without
drugs—“empty liposomes”) for 1.5 h in a water bath. The temperature was maintained above the
main phase transition temperature (Tm ) of each lipid (−20 ◦ C for DOPC, 67 ◦ C for DSPC and 55 ◦ C for
DSPG). Flask was vortexed in an IKA MS2 Minishaker (IKA Works Inc., Wilmington, NC, USA) at
1500 rpm for 10 min.
Table 1. Liposome compositions used in the study.
Sample

Type of Lipids

Lipid (mg) a

DSPE-mPEG2000 (mg) b

Cholesterol (mg) c

Shikonin (mg) d

1
1e
2
2e
3
3e
4
4e
5
5e
6
6e

DOPC
DOPC
DOPC/DSPG
DOPC/DSPG
DSPC/DSPG
DSPC/DSPG
DOPC
DOPC
DOPC/DSPG
DOPC/DSPG
DSPC/DSPG
DSPC/DSPG

120
30
120
30
120
30
120
30
120
30
120
30

33.12
8.28
33.06
8.26
32.91
8.23

13.2
3.27
13.07
3.27
13.01
3.25
13.2
3.27
13.07
3.27
13.01
3.25

1.47
1.46
1.09
1.47
1.46
1.09
-

All the samples were prepared in triplicate. e stands for “empty” formulations (drug-free). a The
neutral lipid/charged lipid molar ratio was 9:1 for samples containing DSPG (1,2-distearoyl-sn-glycero3-phospho-rac-(1-glycerol) sodium salt). b The lipid (or mixture of lipids)/DPSE-mPEG2000 (distearoyl-en-glycero3-phosphoethanolamine) molar ratio was 13:1 for PEGylated samples. c The lipid (or mixture of lipids)/cholesterol
(CHOL molar ratio was 4.5:1 for all samples. d Lipid (or mixture of lipids)/drug molar ratio was 30:1 for all samples.
DOPC: 1,2-dioleoyl-sn-glycero-3-phosphocholine.

Small unilamellar vesicles (SUVs) were obtained from the resultant multilamellar vesicles (MLVs)
by probe sonication, using a Sonicator W–375 Cell Disruptor (Heat Systems–Ultrasonics Inc.) for
2 × 5 min periods, interrupted by a 5 min rest period in ice bath (amplitude 0.6; pulser 50%).
Formulations were left for 30 min to anneal any structural defects.
2.3. Characterization of Shikonin-Loaded Liposomes
2.3.1. Particle Size and ζ-Potential
The size distribution and ζ-potential of the liposomal formulations were measured immediately
after preparation by dynamic light scattering using a Malvern ZetaSizer Nano ZS (Malvern Instruments,
Malvern, UK) at 25 ◦ C. Prior to measurement, all samples were diluted by 60-fold in PBS (pH 7.4).
2.3.2. Entrapment Efficiency
An aliquot of freshly prepared, loaded liposomes (300 µL) was transferred to a size exclusion
column (Sephadex G75) and eluted with PBS in order to separate free from entrapped shikonin and to
determine the entrapment efficiency. Purified liposomes (500 µL) were diluted in methanol (2.5 mL)
to destroy liposomal structure and release the drug into the organic phase. The concentration of
shikonin was determined by the absorbance of the organic phase (measured with a Ultraviolet–visible
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spectroscopy (UV–Vis) Hitachi U1900, Hitachi High-Technologies Corporation, Tokyo, Japan) using
the following calibration curve:
Shikonin Concentration (mg/mL) = 0.0316 × Absorbance − 0.00009; (R2 = 0.9999).

(1)

The entrapment efficiency was calculated as follows:
Entrapment Efficiency (%) = (Fi /Ft ) × 100,

(2)

where Fi is the shikonin concentration into liposomes and Ft is the initial concentration of shikonin.
2.3.3. In Vitro Release
Briefly, 3 mL of shikonin-loaded liposomes were inserted into dialysis sacks (molecular weight
cut off 13,000; Sigma–Aldrich). The sealed dialysis sacks were incubated in 20 mL of release medium
(PBS + 1% SLS) at 37 ◦ C in a water bath and stirred magnetically (RET control-visc, IKA Werke,
Germany). Aliquots of release medium (3 mL) were withdrawn at specific time intervals, to determine
the accumulative amount of drug released, and they were replaced with fresh release medium.
The shikonin concentration in the release medium was calculated with a UV–Vis spectrometer at
λmax = 516 nm with the aid of the following calibration curve (shikonin in release medium):
Shikonin Concentration (mg/mL) = 0.0538 × Absorbance − 0.0002; (R2 = 0.9999).

(3)

Release curves were drawn according to the cumulative drug release and plotted vs time (with the
aid of the following equation):
% Cumulative Shikonin Releasedt = Shikonin Releasedt /Total Entrapped Shikonin × 100.

(4)

2.4. Stability
Immediately after their preparation, samples were stored in dark glass vials (in their hydrated
form) at 4 ◦ C for 28 days, in order to study their stability. Aliquots were withdrawn at specific time
intervals and assessed in terms of their mean particle size, ζ-potential and drug retention.
2.5. Statistical Analysis
All results are expressed as mean values ± standard deviations of three independent experiments.
Statistical analysis was performed using SPSS 22.0 software (SPSS Inc., Chicago, IL, USA). In order
to examine the statistical significance between samples, multiple comparisons were performed by
one-way analysis of variance (ANOVA) followed by post-hoc analysis using Tukey’s test. p < 0.05 was
considered statistically significant.
3. Results and Discussion
In the present study, three lipid types (DOPC, DOPC/DSPG, and DSPC/DSPG) were utilized
to prepare conventional and PEGylated liposomes containing shikonin, aiming to reduce the drug’s
toxicity and achieve controlled release. This is a continuation of the current authors’ active research on
developing and evaluating drug delivery systems for bioactive naphthoquinones, such as alkannins
and shikonins [28,29].
3.1. Liposome Characterization
The physicochemical characterization of liposomes, such as their size, shape and charge are
vital parameters in the delivery of improved bio-distribution and prolonged pharmacokinetics of
encapsulated cytotoxic drugs [34]. The prepared liposomal formulations (shikonin-loaded and
without the drug) were characterized in terms of their particle size distribution and ζ-potential
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values. Furthermore, the amount of drug incorporated and the release kinetics of the drug were
additionally estimated (Table 2).
Table 2. Physicochemical characteristics of liposomal formulations.
Sample

Mean Particle Size (nm)

Polydispersity Index (PDI)

ζ-Potential (mV)

Entrapment Efficiency (%)

1
1e
2
2e
3
3e
4
4e
5
5e
6
6e

113.62 ± 9.72
79.15 ± 1.34
84.90 ± 0.10
85.95 ± 1.20
222.0 ± 6.56
111.67 ± 6.56
81.92 ± 0.11
62.33 ± 4.22
70.42 ± 1.25
71.15 ± 0.21
121.33 ± 3.77
93.00 ± 1.00

0.29 ± 0.02
0.31 ± 0.01
0.25 ± 0.03
0.29 ± 0.07
0.33 ± 0.05
0.25 ± 0.02
0.18 ± 0.02
0.19 ± 0.01
0.17 ± 0.02
0.20 ± 0.01
0.29 ± 0.01
0.23 ± 0.03

−6.10 ± 1.11
−11.41 ± 2.68
−19.88 ± 4.31
−26.97 ± 1.30
−16.23 ± 9.29
−13.33 ± 2.01
−14.62 ± 2.47
−27.93 ± 7.74
−16.68 ± 3.61
−19.17 ± 1.07
−13.38 ± 0.49
−11.54 ± 1.54

66.67 ± 0.04
—
78.42 ± 0.01
—
56.50 ± 0.03
—
75.64 ± 0.04
—
89.40 ± 0.02
—
66.85 ± 0.01
—

3.1.1. Particle Size Measurement
The size of the liposomes affects their residence time in the systemic blood circulation, as well
as their pathways within the body. The smaller the size, the more difficult it is for them to become
detectable by the macrophages of the immune system, increasing in this way the residence time in the
systemic circulation, as well as their effectiveness [35,36].
Regarding conventional formulations (samples 1, 2 and 3), the mean particle size varied from
84.9 nm to 222 nm, while for the corresponding PEGylated liposomes (samples 4, 5, and 6), sizes
ranged from 70.4 nm to 121.3 nm (Table 2), giving PEGylated liposomes a significant advantage.
The lipid type significantly affected the mean particle size of the liposomal formulations.
As previously reported, unsaturated fatty acids can incur oxidative reactions, altering the permeability
of the liposomal bilayers [37] and if the degree of unsaturation of the fatty acid side chains is too high,
there is a possibility that stable liposomes might not be formed [38]. In another study, it was reported
that the average liposome size varies between 30 and 300 nm, depending on the lipid composition
and ionic strength of the lipid mixture during liposome formation. Furthermore, the size effect of the
charged lipids should be a factor in choosing a lipid mixture [39]. Additionally, in our previous research,
it was noticed that mean particle size was affected by the lipid type as well as by the interactions
between the lipid bilayer and shikonin [29].
Shikonin-loaded DOPC conventional liposomes (sample 1) presented a statistically smaller mean
particle size (113.6 nm) compared to DSPC and DPPC (221.2 and 243.2 nm, respectively) and similar to
EPC (144.5 nm) which were measured in our previous work [29]. The addition of a negatively charged
lipid (DSPG) to DOPC (sample 2) led to a conventional formulation with a smaller mean particle size
(84.9 nm) and lower polydispersity index (0.25). On the other hand, the addition of DSPG to DSPC did
not significantly affect the particle size (222 nm) or polydispersity index (0.33) of DSPC formulations,
resulting in liposomes with larger mean particle size compared to DOPC/DSPG ones. The addition of
DSPG had different impacts on particle size distribution, depending on the type of lipid that it was
combined with. Similar results arose from the corresponding formulations without the drug (samples
1e, 2e and 3e), as well as from other published studies [40]. Furthermore, it was reported that the ionic
strength of the mixture during the formation of liposomes might influence their mean diameter in the
presence of charged lipid components. Moreover, the ability to control the average liposome size is by
varying the proportion of charged lipid components [39].
The use of DSPE-mPEG2000 resulted in PEGylated formulations (samples 4, 5, and 6) with smaller
mean particle sizes and lower polydispersity indexes (Figure 2; the reduction varied between 17%–45%
for drug-loaded liposomes and 17%–21% for drug-free liposomes). Briefly, PEGylated shikonin-loaded
liposomes with DOPC (sample 4, 81.9 nm) had statistically smaller sizes in comparison to those in
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DSPC formulations (124.8 nm), and similar sizes to the EPC and DPPC liposomes (93 and 105.9 nm
respectively) produced in our previous work [29]. Combining DSPG with DOPC and DSPC lipids led
to PEGylated formulations with similar (sample 5; 70.4 nm) or statistically lower (sample 6; 121.3 nm)
mean
particle
Fluids 2018,
3, x sizes compared to the conventional samples (sample 2 and 3 respectively). These results
7 of 15
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anaddition
advantage
regarding
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ζpotential values, compared to DSPC/DSPG (sample 3). Furthermore, although in our previous work,
“empty” liposomes presented decreased ζ-potential values compared to shikonin-loaded ones [29],
in the present study, DOPC lipids led to the opposite trend. This trend could be attributed to the
presence of shikonin, resulting in a decrease of ζ-potential values, since drug incorporation causes
significant variations in the liposomal surface structure and the orientation of the
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DSPC lipids formed shikonin-loaded conventional liposomes with statistically increased ζ-potential
values (-19.9 and -16.2 mV, respectively). This could be due to the fact that DSPG is a negatively
charged lipid, adding an additional charge in the lipid bilayer [40,48]. In addition, DOPC/DSPG
liposomes (sample 2) seemed to have an advantage regarding their ζ-potential values, compared to
DSPC/DSPG (sample 3). Furthermore, although in our previous work, “empty” liposomes presented
decreased ζ-potential values compared to shikonin-loaded ones [29], in the present study, DOPC lipids
led to the opposite trend. This trend could be attributed to the presence of shikonin, resulting in a
decrease of ζ-potential values, since drug incorporation causes significant variations in the liposomal
surface structure and the orientation of the phosphatidylcholine head group [49].
All drug-loaded PEGylated formulations (samples 4, 5, and 6) showed statistically increased
ζ-potential values compared to the corresponding conventional liposomes (samples 1, 2 and 3).
Liposomes formed with DOPC (sample 4) exhibited a ζ-potential value of -14.6 mV, which is similar to
formulations previously prepared from our group with DSPC and EPC [29]. Moreover, the use of DSPG
mixed with DOPC or DSPC, did not provoke any significant changes in the ζ-potential of the prepared
liposomes. The same trends were obtained for the corresponding “empty” liposomes. Formulations
with DSPE-PEG2000 have less negative charge compared to liposomes without DSPE-PEG2000 , a fact
attributed to the “masking” of some of the anionic charges of DSPG by DSPE-PEG2000 , which could
explain the observed trend [40,47,50].
3.1.3. Entrapment Efficiency
The entrapping efficiency of a drug into the liposome structure depends on many factors, such as
the ionic strength of the buffer, the pH, the incubation time, the drug loading ratio, the lipid composition
and others [51]. For the shikonin-loaded conventional liposomes (samples 1–3), the entrapment
efficiency varied from 56.5 to 78.4% (as shown in Table 2), while the values of the corresponding
PEGylated ones (samples 4–6) ranged from 66.9 to 89.4%.
The results of the current study showed significant variation in entrapment efficiency among
samples prepared with different lipids. More precisely, the use of DOPC lipids resulted in a significant
lower entrapment efficiency (66.7%) compared to similar DSPC (85.3%) and DPPC (77.9%) formulations
and a higher efficiency than EPC liposomes (52.9%) [29]. The influence of the charged DSPG depended
on the type of lipid that it was mixed with, improving DOPC’s performance (sample 2; 78.4%)
and diminishing DSPC’s performance (sample 3; 56.5%). These results are in accordance with
other published studies [47,52], and it was observed that encapsulation was affected by electrostatic
interactions between the drug’s peripheral surface and the polar head groups of phospholipids.
In addition, there was a linear correlation between the lipid concentration and the encapsulation
efficiency [53,54].
Regardless of the type of lipid used, all PEGylated formulations (samples 4, 5 and 6) had increased
drug incorporation compared to conventional ones (this increase varied from 13 to 18%). This could
be due to the presence of PEG, placed on the outer surface of the lipid bilayer, causing an increase in
drug entrapment within the bilayer [54–56]. More specifically, PEGylated liposomes with DOPC lipids
showed a similar entrapment efficiency (75.6%) to previously prepared PEGylated formulations with
DSPC, EPC and DPPC lipids (91.8%, 71.8%, and 84.9% respectively) [29]. These observations are in
accordance with similar studies [50] and imply that shikonin incorporation could be strengthened by
the presence of PEG on the outer surface of the lipid bilayer.
3.1.4. In Vitro Drug Release
The drug release profiles of all shikonin-loaded formulations were assessed (as depicted in
Figure 3). In addition, we calculated the amount (%) of shikonin released, in regard to the total
entrapped drug, after 8 and 72 h, as well as the required time period to release 50% of the total released
drug (t50% ) (as shown in Table 3).

drug released over a 72 h period.
Conventional samples, on the other hand, appear to follow the same trend, with DOPC
liposomes releasing a greater amount of shikonin (67.1%) compared to other formulations with EPC
(20.9% release), DSPC (51.4% release) and DPPC (47.5% release) prepared by Kontogiannopoulos et.
al. [29].
DSPG increased the amount of drug released from conventional liposomes,
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to improve the release profile of all formulations, increasing the amount of drug released over a
The stability of any pharmaceutical formulation is essential. Thus, all samples were maintained
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releasing a greater amount of shikonin (67.1%) compared to other formulations with EPC (20.9%
release), DSPC (51.4% release) and DPPC (47.5% release) prepared by Kontogiannopoulos et. al. [29].
3.2.1. Particle Size Distribution
Moreover, DSPG increased the amount of drug released from conventional liposomes, as well.
Theshown
resultsinfrom
depicted
a significant
in the
particle
size
As
Tablethe
3, stability
the type study
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used also
influencedvariability
the required
timemean
period
to release
and PDI
intotal
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On the contrary,
liposomes
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4). Regarding
conventional
and
7.0 h and
between
the corresponding
PEGylated
In both
cases, the
DOPC:DSPG mixture exhibited the higher value. These observations, are in line with the report that
longer alkyl chain lipids enhance the binding of the drug with the lipid bilayer, resulting in slower or
sustained drug release [57].
The different behaviour in terms of the release rate between the PEGylated and conventional
liposomes may be attributed to the bilayer rigidity—the more rigid the bilayer, the slower the release
of the drug [50]. Thus, it can be assumed that shikonin’s release profile could be modified by the
existence of PEG. Furthermore, differences among the prepared formulations could be attributed to
several factors, such as lipid type and dose, interactions between the drug and lipid bilayer, as well as
the lipid–PEG conjugate in the case of stealth liposomes [58]. Each type of phospholipid affects the
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efflux rate in a different way, e.g., a higher degree of saturation and an increased fatty acid chain-length,
retarding the leakage rate of molecules from liposomes [37].
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Both PEGylated and conventional formulations appeared to be particularly stable until day 21,
Concerning the prepared PEGylated formulations, liposomes with DOPC (sample 4) were less
and a slight increment in their mean size was observed in the period from day 21 to day 28 (Figure
stable (32.8% increment) than contiguous samples of DSPC, EPC and DPPC (increases of 9.5%, 2.5%,
4). Finally, it was observed that the increased rate in mean particle size of “empty” DOPC/DSPG
and 6%, respectively) from our previous work [29]. It is perceived that the addition of DSPG to DOPC
(sample 2e) and DOPC/DSPG-PEG (sample 5e) liposomes was slightly higher (38.3% and 59.5%
(sample 5) or DSPC (sample 6) lipids, led to formulations with similar rates of increase in particle size
respectively) compared to the corresponding drug-loaded systems (samples 2 and 5; 27.6% and 38.4%
(38.4% and 41.9%, respectively). It is worth mentioning that conventional shikonin-loaded liposomes
respectively).
prepared with DOPC/DSPG remained particularly stable in terms of their particle size distribution
These observations confirm the supremacy of PEGylated liposomes regarding their particle size
and PDI, with a final mean particle size (after their residence for 28 days at 4 ◦ C) that was close enough
distribution stability over conventional formulations.
to PEGylated systems.
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The
addition
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DSPG to DOPC and DSPC lipids led to similar rates of decrease (7.3% and 3.4%, respectively).
Liposomes with DSPC/DSPG (sample 3) showed slight decreases in their ζ-potential values until day
7 and after that period, their ζ-potential values remained stable. On the other hand, DOPC/DSPG
samples did not show any significant reduction during their residence at 4 °C for 28 days.
Corresponding drug-free samples seemed to follow the same trend.
PEGylated shikonin-loaded liposomes (samples 4, 5, and 6) showed similar ζ-potential reduction
rates to the conventional ones (samples 1, 2 and 3). Briefly, formulations with DOPC lipids (sample
4) showed lower rates of ζ-potential decrease (15.4%), compared to DSPC, EPC and DPPC lipids
(26.8%, 28.5%, and 29%, respectively [29]. Their ζ-potential values only decreased until day 3 and
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3.2.2. ζ-Potential
As depicted in Figure 5, the ζ-potential values of most samples remained stable (or reduced
slightly) after their preservation at 4 ◦ C. This indicates that the prepared samples maintained their initial
charge, and as a result, their tendency for aggregation and flocculation was decreased. More precisely,
DOPC conventional liposomes showed a lower rate of ζ-potential decrease (3.6%) in comparison
to DSPC, EPC and DPPC (10.4%, 43.1%, and 30.5%, respectively) [29]. The addition of DSPG to
DOPC and DSPC lipids led to similar rates of decrease (7.3% and 3.4%, respectively). Liposomes with
DSPC/DSPG
that
Fluids
2018, 3, x (sample 3) showed slight decreases in their ζ-potential values until day 7 and after
11 of
15
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the PEGylated liposomal formulation with DOPC lipids (sample 4) retained 86.5% of its initial drug
content, almost the same as DSPC and EPC shikonin-loaded liposomes (85.2% and 86.4%) and a higher
percentage of retention than DPPC (83.7%) [29]. In cases where DSPG was added to DOPC, there
was an increment in drug stability for both conventional and PEGylated samples. On the contrary,
if DSPG was mixed with DSPC (samples 3 and 6), the result was a higher drug leakage from the
prepared
Fluids 2018, liposomes.
3, x
12 of 15
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4. Conclusions
4. Conclusions
Liposomes represent an advanced nanoscale drug delivery system that could deliver bioactive
Liposomes represent an advanced nanoscale drug delivery system that could deliver bioactive
constituents to a specific site of action. Alkannin, shikonin and their derivatives have proved to be
constituents to a specific site of action. Alkannin, shikonin and their derivatives have proved to be
potent chemotherapeutic and chemo-preventive agents that should be further exploited as novel
potent chemotherapeutic and chemo-preventive agents that should be further exploited as novel
chemotherapeutics and for effective combination chemotherapy. Therefore, drug delivery systems
chemotherapeutics and for effective combination chemotherapy. Therefore, drug delivery systems for
for shikonin need to be further developed and optimized to provide effective and safe administration
shikonin need to be further developed and optimized to provide effective and safe administration and
and this paper is a continuation of the research of our group in this direction.
this paper is a continuation of the research of our group in this direction.
Shikonin-loaded conventional and PEGylated liposomes were successfully prepared using three
Shikonin-loaded conventional and PEGylated liposomes were successfully prepared using
types of lipid (DOPC, DOPC/DSPG, and DSPC/DSPG). All samples were assessed for their
three types of lipid (DOPC, DOPC/DSPG, and DSPC/DSPG). All samples were assessed for their
physicochemical characteristics, entrapment efficiency, drug release and stability during residence at
physicochemical characteristics, entrapment efficiency, drug release and stability during residence at
4 °C for 28 days.
4 ◦ C for 28 days.
All shikonin-loaded liposomes showed desirable drug entrapment efficiencies, varying from
All shikonin-loaded liposomes showed desirable drug entrapment efficiencies, varying from 66.9
66.9 to 89.4% for PEGylated types, to 56.5 to 78.4% for conventional systems, regardless of the type
to 89.4% for PEGylated types, to 56.5 to 78.4% for conventional systems, regardless of the type of lipid
of lipid used. The use of negatively charged lipid (DSPG) combined with DOPC, increased
used. The use of negatively charged lipid (DSPG) combined with DOPC, increased incorporation
incorporation efficiency values and helped to form liposomes with reduced particle sizes.
efficiency values and helped to form liposomes with reduced particle sizes. Furthermore, both
Furthermore, both conventional and PEGylated shikonin-loaded liposome with DOPC/DSPG lipids
conventional and PEGylated shikonin-loaded liposome with DOPC/DSPG lipids remained particularly
remained particularly stable in terms of their particle size distribution and ζ-potential. Even after 28
stable in terms of their particle size distribution and ζ-potential. Even after 28 days of residence at
days of residence at 4 °C, PEGylated shikonin-loaded formulations preserved more than 85% (on
4 ◦ C, PEGylated shikonin-loaded formulations preserved more than 85% (on average) of the initially
average) of the initially incorporated drug.
incorporated drug.
The presence of DSPE-mPEG2000 in the outer surface of the lipid bilayer significantly modified
The presence of DSPE-mPEG2000 in the outer surface of the lipid bilayer significantly modified
the characteristics of formulations. More specifically, DSPE-mPEG2000 caused a decrease in the mean
the characteristics of formulations. More specifically, DSPE-mPEG2000 caused a decrease in the
particle size, regardless of the type of lipid used (reduction varied between 17%–45% for drug-loaded
mean particle size, regardless of the type of lipid used (reduction varied between 17%–45% for
liposomes and 17%–21% for drug-free liposomes). The minimum liposome size was obtained with
drug-loaded liposomes and 17%–21% for drug-free liposomes). The minimum liposome size was
DOPC/DSPG lipids. Furthermore, PEGylated samples showed higher entrapment efficiencies
obtained with DOPC/DSPG lipids. Furthermore, PEGylated samples showed higher entrapment
compared to conventional samples (increments varied from 13 to 18%) and higher values were
efficiencies compared to conventional samples (increments varied from 13 to 18%) and higher values
obtained with DOPC/DSPG lipids. Concerning drug release profiles, PEGylated formulations
were obtained with DOPC/DSPG lipids. Concerning drug release profiles, PEGylated formulations
released approximately 20%–30% more shikonin over a prolonged time period, compared to the
released approximately 20%–30% more shikonin over a prolonged time period, compared to the
corresponding conventional formulations.
corresponding conventional formulations.
In conclusion, PEGylated formulations appear to be more advantageous than conventional ones
and should be further exploited to increase the therapeutic index of shikonin. The addition of the
charged lipid, DSPG, improved, in most cases, the physicochemical and pharmaceutical
characteristics of liposomes. Conventional shikonin-loaded liposomes prepared with DOPC/DSPG
showed the most promising results and stability (in terms of almost all parameters) compared to all
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In conclusion, PEGylated formulations appear to be more advantageous than conventional
ones and should be further exploited to increase the therapeutic index of shikonin. The addition
of the charged lipid, DSPG, improved, in most cases, the physicochemical and pharmaceutical
characteristics of liposomes. Conventional shikonin-loaded liposomes prepared with DOPC/DSPG
showed the most promising results and stability (in terms of almost all parameters) compared to all
other conventional shikonin-loaded formulations studied so far, with characteristics close enough
to PEGylated systems. Respectively, the shikonin-loaded PEGylated sample with DOPC/DSPG
lipids, showed the most satisfactory characteristics among all studied samples so far from our group.
However, such systems are much too complicated and should be further examined in terms of their
physicochemical interactions.
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