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Encapsulation of Acetylshikonin by Polyamidoamine Dendrimers for Preparing
Prominent Nanoparticles
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Abstract. Acetylshikonin (AS) has demonstrated antitumor potential. However, the development of
therapeutic applications utilizing AS is inhibited by its poor solubility in water. In the present work,
polyamidoamine (PAMAM) dendrimers and their PEGylated derivatives were employed to increase the
solubility of AS. A distinct color transition was observed during the encapsulation of AS suggesting strong
intermolecular forces between PAMAM and AS. Ultraviolet–visible, high-performance liquid chroma-
tography, and 1H NMR were used to verify the interaction between PAMAM and AS. The maximum
amount of combined AS to each PAMAMmolecule was determined. The cytotoxicity of AS nanoparticles
was evaluated against leukemia (K562) and breast cancer (SK-BR-3) cell lines; the AS nanoparticles were
shown to effectively inhibit tumor cells.
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INTRODUCTION

Acetylshikonin (AS), along with several other
naphthoquinones, has been extracted and isolated from the
external surface of the roots of at least 150 species of the
Boraginaceae family (1). Several investigations have found that
AS is a potent pharmaceutical substance with wound healing,
antimicrobial, anti-inflammatory, antipyretic, antioxidant, and
antitumor activities (2–4).

In the last decade, extensive research has been conducted
to study the antitumor activity and the mechanism of the anti-
tumor effect of AS (5–9). However, AS exhibits extremely low
solubility in water (detected in this study). The poor aqueous
solubility of AS places restrictions on its administration and
absorption, therefore, hinders the development of AS-contain-
ing therapeutic applications. A drug delivery carrier is required
to increase the solubility of AS in aqueous solutions.

Polyamidoamine (PAMAM) dendrimers are hyperbranched
macromolecules with uniform size, monodispersity and a high

density of peripheral functional end groups. PAMAM
dendrimers are an important classification of drug carriers
(10,11). Drug molecules can either link to the peripheral
groups through covalent and noncovalent bonds or be en-
capsulated into the cavities of PAMAM by hydrogen bonds,
electrostatic interactions and hydrophobic interactions
(10,12). Drug molecules, with an assortment of diameters,
molecular weights, surface charges and solubilities, interact
with PAMAM in various ways (13). In previous studies,
PAMAM, with hydrophobic interiors and hydrophilic chain
ends, demonstrated the potential to increase the solubility
of hydrophobic drugs in an aqueous solution (14). However,
PAMAM has shown a low tendency to encapsulate hydro-
philic drug molecules into its core region, while some insol-
uble drugs that carry negative charges were prone to be
encapsulated into the interior region of PAMAM (15).

Its nanometer structure and large quantity of binding
sites make PAMAM an ideal vector for antitumor drugs.
However, cationic PAMAM, with a large number of periph-
eral primary amino groups, demonstrates increased cytotoxic-
ity and rapid clearance from the circulation (16). Polyethylene
glycol (PEG), a commonly used hydrophilic chain, was used to
modify PAMAM to increase the circulation time and reduce
hemolytic toxicity (17,18).

In the present study, new formulations of AS were pre-
pared with PAMAM generation 4 (G4) dendrimers and PEG-
PAMAM (PPG) with the intent to increase the aqueous solu-
bility of AS for further applications. AS nanoparticles were
prepared using the organic solvent evaporation method. AS
was either combined with the peripheral ends or encapsulated
into the interior region of PAMAM. The interactions between
PAMAM and AS were characterized, and the combination
capability of PAMAM with AS was detected. Finally, the
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cytotoxicity of AS nanoparticles was evaluated in K562 and
SK-BR-3 cell lines.

MATERIALS AND METHODS

Materials

PAMAMG4 was purchased from Chenyuan Corporation
(Shandong, China). mPEG-MAL (5 kDa) was obtained
from Yare Biotech (Shanghai, China) with 95.3% purity.
2-Iminothiolane hydrochloride was purchased from Sigma-
Aldrich. Dried pulverized roots of Lithospermum erythrorhizon
Sieb. et Zucc was purchased from Liaoning province in China.
Human tumor cell line K562 and SK-BR-3 were obtained from
the Institute of Biochemistry and Cell Biology, Chinese
Academy of Sciences. All cell culture media and reagents were
purchased from Gibco Inc. All organic solvents were of analyt-
ical grade and purchased from Yuwang Group (Shandong,
China). Water used in all experiments was of high-performance
liquid chromatography (HPLC) grade.

Extraction of AS

Dried pulverized roots (100 kg) were extracted by super-
critical CO2 (HA221-40–48, Nantong Huaan above-critical
extraction Co., Ltd., China) to obtain dark red viscous resi-
dues (2 kg). Methanol (200 mL) was selected to dissolve the
resulting extract (30 g), and the solution was filtered to re-
move the insoluble substance. Subsequently, a solution of
copper acetate (140 g) in distilled water (30 mL) was added
to the methanol solution to chelate the naphthoquinone de-
rivatives, and it was then filtered. Subsequently, 10% HCl
(150 mL) was applied to displace copper ions from the Cu
complexes; the mixture was stirred for 2 h and then filtered to
obtain the crude product. The product was then dried in a
vacuumoven at 50~60°C, ground to a powder and directly
subjected to column chromatography. Ethyl acetate and pe-
troleum ethyl (V/V=1:10) were used as the mobile phase to
separate AS. The product was then re-crystallized repeatedly
with n-hexane to offer high-optical purity (>99%) AS as the
resulting solid red product.

Solubility of AS

The solubility of AS in water, pH 7.4 PBS (0.01 M) and
1% SDS solution was studied by the stir flask method. An
excess amount of AS (approximately 5 mg) was added to each
cap vial containing 2 mL of the solutions. After sealing, the
mixtures were stirred at 500 rpm and kept at 25°C for 48 h.
Then, the samples were centrifuged at 10,000 rpm for 15 min
to remove the undissolved AS. The upper layer was removed
and diluted with methanol for quantification by HPLC. Each
value represents the mean±standard deviations (SD; n=3).

The determination was performed using HPLC/UV de-
tection (LC-10AT VP, Shimadzu, Japan) with methanol: dis-
tilled water: glacial acetic acid (92:8:0.3) as the mobile phase at
a flow rate of 1.0 mL/min. The column was a reversed-phase
column (Inertsil ODS-3, 4.6×250 mm, i.d. 5 μm; GL Sciences,
Japan). Detection was recorded at λ=518 nm (detected in
“UV–Vis Spectroscopy and HPLC Detection”). The AS
stock solution was diluted to working solutions ranging from

0.1 to 20 μg/mL, and the standard calibration curves were
constructed by plotting concentrations against peak areas.
A good linearity was achieved with a correlation coefficient
of 0.9997.

Synthesis of PEG-PAMAM

2-Iminothiolane hydrochloride (Traut’s reagent) was
added to PAMAM at molar ratio of 10:1 in pH 9.0 borate
buffer (0.2 M, containing 3 mM EDTA) and stirred for 1 h.
The product was subjected to ultrafiltration (MWCO, 3 kDa;
Millipore, USA) with pH 7.4 borate buffer (0.2 M, containing
3 mM EDTA) as a substitution to remove surplus Traut’s
reagent. Then, mPEG-MAL (5 kDa) dissolved in pH 7.4
borate buffer (0.2 M) was added to the above thiolation
PAMAM at molar ratio of PEG-PAMAM=8:1, stirring for
12 h at room temperature. The product was subjected to
ultrafiltration (MWCO, 10 kDa; Millipore, USA) with pure
water as substitution until no free PEG spot was detected
by thin-layer chromatography (chloroform/methanol/water=
1/1/0.1, v/v/v) (19). Subsequently, it was lyophilized and dis-
solved in D2O, and the structure of PPG was confirmed using
a 300MHz1HNMR spectrometer (Fig. 1). The spectrum of PPG
contains characterized signals of PEG: δ=3.55~3.8 ppm
(m, CH2CH2O). The average number of PEG chains attached
to PAMAM was 5.

Encapsulation of AS by PAMAM and PEG-PAMAM

PAMAM was mixed with AS at AS/PAMAM molar ra-
tios of 5:1,7.5:1, 15:1 and 30:1 (mol/mol) in methanol and
agitated at room temperature for 12 h. The organic solvent
was evaporated to dryness at 30°C using a rotary evaporator.
The dry product was dissolved in pH 7.4 PBS (0.01 M) and left
for 4 h for hydration at 30°C. Then, the above solution was
filtrated through a cellulose acetate filtrate membrane
(Millipore, pore size, 0.45 μm) to obtain the PAMAM/AS
nanoparticles (PAM/AS NPs). The same method was used to
prepare the PEG-PAMAM/AS nanoparticles (PPG/AS NPs).
Freshly prepared PAM/AS and PPG/AS NPs (at molar ratio
of AS/PAMAM=6:1) were used in the experiments that
follow.

Particle Size and Morphology Study of Nanoparticles

The particle size, zeta potential and poly-dispersity index
(PDI) of nanoparticles were measured at room temperature
with a particle size analyzer (Zetasizer Nano ZS, Malvern,
UK). The samples were diluted with 7.4 PBS (0.01 M) to a
final concentration of 0.17 mM PAMAM or PPG before being
measured. The transmission electron micrograph (TEM)
study was performed using a HITACHI H-600 (Hitachi
High-Technologies, Japan), operated at 75 kV. In total,
20 μL of PAM/AS and PPG/AS NPs were placed on carbon-
coated Formvar copper grids and air-dried. Negative staining
was performed by adding a drop of 2% phosphotungstic acid
solution to the copper grid containing the samples. The sam-
ples were determined after they were air-dried.
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Characterization of the Interaction Between PAMAM
and AS

During the preparation of the PAM/AS NPs, the color of
AS transitioned from red to purple. This phenomenon was
similar to that of the classic reaction between iodine and starch
(20), which implies that there are strong intermolecular forces
between PAMAM and AS. Therefore, characterizations of
PAM/AS NPs were performed to confirm this assumption.

UV–Vis Spectroscopy and HPLC Detection

The ultraviolet–visible (UV–vis) spectra of AS and PAM/
AS NPs were detected by UV–vis spectrophotometry (Agilent
8453, Agilent Technology, USA). Three organic solvents:
methanol, ethanol and DMSO were added to PAM/AS NPs,
and the samples were vortexed for 20 min. These solvents
were supposed to break down the structure of the carrier, or
the intermolecular forces between the drug and carrier, to
release the drug into the solvents (19,21). The free AS in
methanol and the PAM/AS NPs in pH 7.4 PBS (0.01 M) were
detected as controls.

AS in methanol and PAM/AS NPs in pH 7.4 PBS solution
andmethanol were detected byHPLC/UVdetection as described
in “Solubility of AS”; the detection was recorded at λ=545 nm.

1H NMR Spectroscopy

For 1H NMR spectroscopy, AS and lyophilized PAM/AS
NPs (prepared at the ratio of AS/PAMAM=10:1) were

dissolved in the D2O and DMSO-d6, respectively, and
analyzed at 300 MHz (Bruker, Germany).

The Combination Capability of PAMAM with AS

Establishment of an Analytical Method for the Combined AS

PAM/AS NPs prepared at a AS/PAMAMmolar ratio of 6 :
1 were chosen as the standard sample for establishment of the
analytical method. PAM/AS NPs standard solution (containing
AS 3.03 mM) was diluted with 7.4 PBS to the concentration
range of 30.3–151.4 μM. Each sample was determined using a
752 UV–vis spectrophotometer (Qinghua Instruments, China)
at λ=545 nm, and a calibration curve of the combined AS was
established.

Maximum Amount of AS Combined to Each PAMAM
Molecule

A series of PAM/AS NPs were prepared at molar ratios
of AS/PAMAM=1:0.003, 1:0.007, 1:0.013, 1:0.020, 1:0.033,
1:0.066, 1:0.132, 1:0.168, 1:0.201, and 1:0.251. The concen-
tration of the combined AS was determined by UV spec-
trophotometer after being diluted by pH 7.4 PBS. The AS
combination percentage (percent) was calculated using the
following equation:

Combination percentage %ð Þ

¼ amount of combined AS detected
amount of AS added

� 100%

Fig. 1. 1H NMR spectrum of PPG in D2O
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Cytotoxic Activity Assay

K562 leukemia cells and SK-BR-3 breast cancer cells were
maintained at 37°C in RPMI 1640 with 10% FBS and 10,000
U/mL of penicillin/streptomycin, in an atmosphere of 5% CO2

with 90% relative humidity. Cells were seeded in 96-well plates at
a density of 5×103 cells/well for theK562 cells and 1×104 cells/well
for the SK-BR-3 cells. After 24 h of incubation, the medium was
replacedwith freshmedium containing PAMAM, PPG, PAM/AS
NPs, PPG/AS NPs and free AS at four different concentrations.
After 48 h of incubation at 37°C, cell proliferation was assayed
through Cell Counting Kit-8 (CCK-8).

Statistical Analysis

The results were presented as the mean±SD of at least
three independent experiments. All statistical analyses were
performed using “SPSS 14.0.”

RESULTS AND DISCUSSION

Solubility of AS

The solubility of AS in water and pH 7.4 PBS was 0.39±
0.02 and 0.43±0.03 μg/mL, respectively. However, AS was
significantly solubilized in the 1% SDS solution (234.06±
5.58 μg/mL). The results revealed that AS has extremely low
aqueous solubility. Therefore, it was assumed that free AS was
completely removed by filtration in the preparation of the
nanoparticles.

Preparation of PAM/AS and PPG/AS NPs

In the preparation of PAM/AS NPs, PAMAM was added
to the AS methanol solution drop wise under continuous
stirring. An obvious color transition from red to dark red
was observed when PAMAM was added, and the color of
mixture was deepened as the amount of AS increased.
Subsequently, the color of the mixture transitioned from dark
red to purple when the mixture was dissolved in pH 7.4 PBS
(Fig. 2). The same color transition was also observed in the
preparation of PPG/AS NPs.

As the ratio of AS/PAMAM increased, it became more
challenging to dissolve the dried product in the PBS solution.
When the AS/PAMAM molar ratio was above 15 : 1, the
precipitation of AS was observed after hydration. The pres-
ence of precipitate indicated that the maximum number of AS
combined to each PAMAM molecule was between 7.5 and 15.
Therefore, PAM/AS NPs were prepared at a molar ratio of
AS/PAMAM=6:1 in the following experiments to ensure com-
plete encapsulation of AS.

Particle Size, Zeta Potential, and TEM

After encapsulation of AS, the average particle size of
PAMAM and PPG was increased from less than 10 to 40 and
96 nm, respectively (Table I). The nanoparticles with diame-
ters between 10 and 100 nm possessed effective extravasation
from the leaky vasculature of tumor tissues and have the
potential to avoid filtration by the kidney and specific capture
by the liver (22,23). The zeta potential of PAMAM was se-
verely decreased to 5 mV below after conjugated with PEG,
which was ascribed to the masked surface groups by long
chains of PEG (24). The interactions between AS and
PAMAM also interfere with the charge of nanoparticles
resulting in the sharply decrease of zeta potential.

TEM was performed to further reveal the morphologies of
PAM/AS and PPG/AS NPs (Fig. 3). The images showed that
PAM/AS NPs were prone to aggregation, which was consistent
with high PDI, whereas PPG/AS NPs were loosely associated.
Although AS encapsulated by the carriers would interfere with
the stability of PAMAMand PPG, the steric stabilization of PEG
contributed to the smaller PDI and produced fewer aggregates.

Characterization of a Strong Interaction Between PAMAM
and AS

UV–Vis Spectroscopy and HPLC Detection

The spectrum of AS was distinctly different from that of
PAM/AS NPs in four solvents (Fig. 4). The UV–vis spectra
showed that the maximum peak of AS at 272 nm disappeared
in the PAM/AS NPs, and the other major peaks at 518 and
556 nm shifted to 545 and 585 nm, respectively (Table II). The

Fig. 2. The color of aAS in methanol, b AS mixed with PAMAM in methanol, and c PAM/
AS NPs in pH 7.4 PBS solution

Table I. Particle Size, Zeta Potential, and PDI of Preparations

Preparations PAMAM PAM/AS NPs PPG PPG/AS NPs

Diameter (nm) 5.77±0.25 40.44±2.12 9.55±0.02 96.70±1.11
PDI 0.234±0.006 0.958±0.036 0.337±0.004 0.407±0.006
Zeta potential (mV) 15.47±1.80 2.37±0.58 3.83±0.76 3.15±1.07
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spectra of PAM/AS NPs in various solvents were approxi-
mately identical. Thus, it was reasonable to conclude that AS
was encapsulated into the carriers and the organic solvents did
not break down the structure of PAMAM and released AS into
the solvents. Similarly, the previous study on theUV–vis spectra
of AS at different pH values showed that the integral spectrum
of AS shifted at different pH values along with the color transi-
tions (25). However, the peak of AS at 272 nm did not disappear
as the pH value changed, and the color of PAM/AS NPs was

darker than AS at pH 7.4. Therefore, the effect of PAMAM on
AS was distinct compared to the effect of pH on AS.

The results of HPLC detection showed that the peak of AS
in freeASwas at retention time (tR)=7.46min, while the peak of
AS in PAM/AS NPs appeared at tR=4.55 min and 4.68 min in
methanol and PBS, respectively (Fig. 5). The peak at approxi-
mately tR=4.5 min was assumed to be the characteristic peak of
the combined AS, which possessed higher polarity. Considering
the results of the UV–vis and HPLC detection, it is reasonable
to suggest that strong intermolecular forces were formed be-
tween the PAMAM and AS molecules.

1H NMR Spectroscopy

The 1H NMR spectrum for AS is depicted in Fig. 6 and
shows the following characteristic signals: δ (ppm) 1.50–1.60
(s, 3H, H-15), 1.60–1.70 (s, 3H, H-16), 2.10–2.15 (s, 3H, H-17),

Fig. 3. TEM image for a PAM/AS NPs and b PPG/AS NPs; scale bar represents 2 μm. c, d is
the amplification of a and b, respectively

Fig. 4. UV–vis spectra of purified AS in methanol and PAM/AS NPs
in different solvents

Table II. Major Absorption Peaks of AS Preparations in Different
Solvents

Preparations Peak 1 Peak 2 Peak 3 Peak 4

AS (in methanol) 272 512 518 556
PAM/AS NPs (in methanol) N/A 512 544 585
PAM/AS NPs (in ethanol) N/A 511 545 585
PAM/AS NPs (in DMSO) N/A 513 548 587
PAM/AS NPs

(in PBS solution)
N/A 512 545 585
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5.05–5.20 (m, 1H, H-13), 5.70–5.95 (m, 1H, H-11), 7.05–7.15
(s, 1H, H-3), 7.30–7.40 (s, 2H, H-6,7), 12.25 (s, 1H, H-8), and
12.35 (s, 1H, H-5). In comparison with the spectrum of AS, the
weak signal intensity of combined AS in the spectrum was
explained by the large amount of protons in PAMAM.
However, it was not difficult to find that the signal of H-3 and
H-6,7 from AS disappeared in the spectrum of PAM/AS NPs,
and new peaks appeared at 6.5–7.0 ppm. The signal of H-11 and
H-13 also shifted.

The results provide further evidence that strong intermo-
lecular forces were formed between AS and PAMAM, and the
migration of peaks indicated that the specific binding sites on
AS were the hydroxide radicals (H-6,7). It was assumed that
hydrogen bonds and electrostatic interactions formed between
the hydroxide radicals and the amine groups of PAMAM.
However, the specific binding sites on PAMAM remain
uncertain as AS was capable of combining with both the periph-
eral amine ends and the interior amide groups.

Fig. 5. HPLC spectra of purified AS in methanol, PAM/AS NPs in
methanol, and PBS solution

Fig. 6. 1H NMR spectra of a AS in DMSO-d6 and b PAM/AS NPs in D2O
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The Combination Capability of PAMAM with AS

The calibration curve was described as C=180.34A+5.07
(R2=0.9998). As PAMAM has no absorbance at λ=545 nm,
the determination of the combined AS would not be affected
by variations in PAMAM concentrations (26). Thus, the
concentration of combined AS could be calculated according
to the calibration curve.

A linear increase in the combination percentage of AS
was observed when the concentration of PAMAM was below
0.2 mM (AS/PAMAM=1:0.066 equals to PAMAM/AS=1:15)
and the combination percentage of AS is less than 100%

which indicates that AS is excessive. However, the combina-
tion percentage of AS was approximately invariant (100%)
when the concentration of PAMAM was above 0.4 mM
(AS/PAMAM=1:0.132 equals to PAMAM/AS=1:7.5) implying
the completely combination between AS and PAMAM
(Fig. 7a). Therefore, the maximum amount of AS combined
with one PAMAM molecule is between 7.5 and 15.
Furthermore, the dependence of the solubility of combined
AS on the concentration of PAMAM (below 0.2 mM) was
described by a linear equation, y=12.82x–0.18, R2=0.9908
(Fig. 7b). The coefficients of the line could be ascribed to a
physical conception (27). The directional coefficient (12.82)

Fig. 7. Dependence of a combination percentage of AS on the concentration of PAMAM and b solubility of
combined AS on the concentration of PAMAM (below 0.2 μM)

Fig. 8. Cytotoxicity of PAMAM, PAM/AS NPs, PPG, PPG/AS NPs, and free AS to a K562 cells and
b SB-KR-03 cells (mean±SD, n=6). The PAM/AS and PPG/AS NPs were prepared at molar ratio of
PAMAM (or PPG)/AS=1:6
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was interpreted as the maximum amount of AS combined with
one PAMAM molecule. The free term (−0.18) approaching
zero, represented the solubility of AS in pure water without
PAMAM. Hence, the interpretation of the coefficients was in
line with previous studies—the maximum amount of combined
AS to each PAMAM molecular was between 7.5 and 15 and
extremely low aqueous solubility of AS (0.39±0.02 μg/mL).

A single molecule of PAMAM G4 contains 250 potential
bonding sites, which includes 64 surface primary amino
groups, 62 internal tertiary amine groups, and 124 amide
groups (27). The maximum amount of combined AS was far
less than the total potential binding sites or any part of binding
sites of PAMAM. However, the encapsulation of fluorouracil
(5-FU) by PAMAM showed different results. The maximum
combined 5-FU was 90 which indicated that the drug mole-
cules are combined not only with the surface amine groups but
also with those inside (27). Thus, the binding sites on
PAMAM were likely the surface amine groups through hy-
drogen bonds, electrostatic and/or hydrophobic interactions
(12). Therefore, it was reasonable to infer that the stereo-
specific blockade of the drug molecules hindered the combi-
nation of more AS molecules to PAMAM. Similar conclusion
has been reached in the study of complex of PAMAM and
methotrexate (19).

Cytotoxicity

The in vitro antitumor effects of the AS nanoparticles
were evaluated by the cell growth inhibition rate (Fig. 8).
Free AS exhibited the highest cytotoxicity among all groups.
For K562 leukemia cells, the cell growth inhibition rates of
both AS nanoparticles were almost the same as those at lower
concentrations, whereas the cytotoxicity of PAM/AS NPs and
PPG/AS NPs significantly increased to 75% and 55% at
10 μM, respectively. In comparison with the K562 cells,
PAM/AS NPs demonstrated lower cytotoxicity to SK-BR-3
cells, which was approximately 45% inhibition at 10 μM.
However, the cytotoxicity of PPG/AS NPs was invariant at
the highest concentration. The strong combination between
AS and PAMAM may explain the decrease in the cytotoxicity
of the nanoparticles versus that of free AS. This type of
formulation may allow for the use of AS as an antitumor
agent. The blank carrier PPG exhibited distinctly lower cyto-
toxicity than PAMAM, and PPG/AS NPs demonstrated better
stability and more effective antitumor activity than PAM/AS
NPs.

CONCLUSIONS

In this work, AS nanoparticles were prepared for the first
time using hyperbranched-carriers PAMAM dendrimers and
PPG. Obvious color transitions implied strong interactions
between AS and PAMAM. To verify the AS and PAMAM
interaction, the PAM/AS NPs were characterized by UV–vis,
HPLC, and 1H-NMR detection. The formation of strong
intermolecular forces was verified, and the binding sites were
identified as the hydroxide radicals of AS. Furthermore, the
maximum combination number of AS with each PAMAM
molecule was measured. Although the intermolecular forces
between AS and PAMAM decrease the antitumor activity of
AS, the cytotoxicity of PAM/AS NPs and PPG/AS NPs

remained effective at 10 μM. These results suggested that
both PAMAM and PPG are possible carriers for AS, with
PPG demonstrating lower cytotoxicity and PPG/AS NPs
exhibiting higher stability. Future studies should include
determining the specific binding sites on PAMAM and
broadly applying PAMAM and PPG as nanocarriers for
other structurally analogous drugs.
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