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ABSTRACT
Cancer is a kind of malignant diseases that threatens human health and the research application of
anti-tumor drug therapeutics is growingly always been focused on. Many new compounds with great
anticancer activity were synthesized but cannot be hard to be developed into clinical use due to its
poor water solubility. Deoxypodophyllotoxin (DPT) is just an example. We develop lyophilized
Deoxypodophyllotoxin (DPT) loaded polymeric micelles using methoxy polyethylene glycol-block-Poly
(D, L-lactide) (mPEG-PLA). DPT-PM freeze-dried powder was successfully prepared using optimized
formulation. mPEG-PLA was added to hydration media before hydrating as cryoprotectants. The
freeze-dried powder exhibited white pie-solid without collapsing, and the particle size of DPT-PM
reconstituted with water was about 20-35nm. The entrapment efficiency of the reconstituted solution
was 98%, which shows no differences with the micelles before lyophilization. In-vitro cytotoxicity and
cellular uptake studies showed that DPT-PM has a higher degree of cytotoxicity comparing with DPT
and mPEG-PLA micelles and uptake of mPEG-PLA was concentration and time-dependent. In vivo char-
acterization of DPT-PM was done for pharmacokinetics behaviors, antitumor activity and safety. The
obtained results showed significant improvement in plasma clearance bioavailability (p<0.05) and pro-
longed blood circulation time comparing with DPT-HP-b-CD. Moreover, mPEG-PLA micelles had a bet-
ter degree of anti-tumor efficacy, this was due to better accumulation of mPEG-PLA in tumor cell via
enhanced permeability and retention (EPR) effect. Therefore, DPT-PM has great clinical value, and can
be expected to be a novel antitumor preparation.
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1. Introduction

Podophyllotoxin, was first isolated in 1880 by Podwyssotzki
from the North American plant Podophyllum peltatum L.
(American podophyllum) (Canel et al., 2000). Podophyllotoxin
binds with tubulin and arrest the microtubules assembly and
thus, stop cell cycle in metaphase (Bohlin & Rosen, 1996;
Canel et al., 2000; Yong et al., 2009). Unfortunately, podo-
phyllotoxin has failed in clinical practice. Moreover, it can be
extremely dangerous in case of overdose.
Deoxypodophyllotoxin (DPT, Figure 1), is considered as
Anthriscus sylvestris L. Hoffm’s main lignan constituent
(Gordaliza et al., 2000). It has several pharmacological proper-
ties including antiproliferative, antitumor, antiviral, anti-
inflammatory, anti-platelet aggregation and anti-allergic
(Dall’Acqua et al., 2006; Chen et al., 2011; Zilla et al., 2014;
Hui et al., 2016). It has potent anti-proliferative and anti-
tumor effects against broad varieties of cancers by modulat-
ing the microtubule (Chaudhuri & Luduena, 1996; Guerram
et al., 2015). As a promising microtubule inhibitor, the clinical

applications of this molecule were limited by its
hydrophobicity.

In order to overcome this problem, many scientists have
done related research. The representative methods include
liposome (Chen et al., 2006; Ikeda et al., 2011), micronization
(Feng et al., 2014; Karwal et al., 2016), solubilizers (Vanuden
et al., 1994), cyclodextrin inclusions, self-emulsifying drug
delivery systems polymer micelles (Fan et al., 2009; Wang
et al., 2016) and so on. DPT and its intravenous formulation
of b-cyclodextrin inclusion complex have been adopted for
phase I evaluation. As a poorly soluble drug carrier, polymer
micelles have the following advantages: (1) increase the drug
solubility and decrease the therapeutic dose; (2) wrap the
drug inside the carrier to avoid degradation and inactivation
of the drug and reduce toxic and side effects; (3) Because
the micelle size is below 100 nm, it can avoid phagocytosis
of the reticuloendothelial system (RES) and prolong the circu-
lation time; (4) Good biodegradability and biocompatibility;
(5) High permeability and retention (enhanced permeation
and retention, EPR effect), to achieve passive targeting; (6)
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Polymer molecular weight can also avoid kidney clearance
and sterilization operations (Burt et al., 1999; Gaucher
et al., 2005).

Polyethylene glycol monomethyl ether-polylactic acid
block copolymer (Methoxy Polyethylene Glycol-block-Poly (D,
L-lactide, mPEG-PLA) is one of the most commonly used
amphiphilic copolymers (Yu et al., 2018). Its hydrophilic seg-
ment is PEG, which is the most widely used shell material in
polymer micelle delivery systems due to its highly hydrated,
an efficient steric protector, and good biocompatible, and it
has low toxicity. The core-forming molecules are PLA, and
the final metabolite in the body is carbon dioxide and water,
which has been approved by the US FDA as a hydrophobic
block for drug controlled release dosage carriers (Oerlemans
et al., 2010). In an aqueous environment, both hydrophilic
end (mPEG) and the hydrophobic end (PLA) exposed out in
a large number and form an aqueous protective layer out-
side of the micelles. The hydrophobic moiety PLA binds with
hydrophobic drug and encapsulates in the core of the
micelle and increases its solubility. The safety evaluation of
this polymer was conducted by HM Burt e.al (Bissery, 1995).
and reported that it has no systemic as well as local toxic-
ities. Due to its good safety profile and high drug loading
affinity, this polymer is widely used as pharmaceutical exci-
pients in the preparation of verities of dosage-form especially
in the parenteral formulation. This is also approved by the
FDA to be used as an excipient in pharmaceutical prepar-
ation (Yang and Kao, 2006).

In spite of many attractive advantages of polymeric
micelles as promising drug delivery systems, one drawback is
their physical instability. As micelles are in the nanosize
range and more dynamic than polymeric nanoparticles, they
exhibit greater aggregation tendency due to kinetic motion.
Upon storage and transportation, drug leakage may take
place due to diffusion of the drug outward the micelles dur-
ing fluctuation of temperature. One approach to overcome
such problems is the complete elimination of water by
lyophilization into a dried powder form. Consequently, their
shelf-life can be extended by preventing aggregation of the
system and leakage of the encapsulated drug. Therefore, this

study aimed to develop lyophilized deoxypodophyllotoxin-
polymeric micelles (DPT-PM) (Yu et al., 2018). The physico-
chemical characteristics of the polymeric micelles were
investigated in terms of particle size, entrapment efficiency,
and drug loading. In addition, in order to characterize the
physicochemical properties of micelles and lyophilized pow-
ders, the in vitro release behavior of the micelles were inves-
tigated. The in vitro cytotoxicity assay and in vitro cell
uptake assay were used to evaluate the efficacy of the assay.
The fluorescence in vivo imaging experiments were used to
investigate the distribution of micelles in mice.

2. Methods

mPEG (Mn ¼ 2000; Fluka, MO) and PLA were purchased from
Jinan Daigang Biomaterial Co. Ltd. (Shang Dong, China).
mPEG-PLA (50:50) was self-synthesized (Yu et al., 2018). DPT
and DPT-HP-b-CD were obtained from the Institute of
Pharmaceutical Chemicals, China Pharmaceutical
University, China.

Hela229 cells purchased from Nanjing Keygen Biotech
Co., Ltd.

Female SD and nude mice were obtained from
Qinglongshan farms (Nanjing, China). All animal experiments
complied with the requirements of the National Institute of
Health Guide for Care and the procedures were approved by
the China Pharmaceutical University Animal
Experiment Center.

2.1. Preparation of DPT-PM

DPT-PM was prepared by the solvent evaporation-film disper-
sion method. Briefly, the desired amounts of DPT (0.6 g) and
mPEG-PLA (3.0 g) were dissolved in a certain amount of
methanol in round-bottomed flask. The alcoholic content of
the preparation was removed in a rotary evaporator at 40 �C
under reduced pressure. The formed film inside the flask was
kept for 5min in untouched condition than after 60mL of
water was poured into to suspend the film and was passed
through the membrane filter (0.22mm) to get DPT-PM. The
reaction equation is shown in Scheme 1.

2.2. Optimization of cryoprotectant

The optimization method of cryoprotectant that prepared
lyophilization powder of DPT-PM without cryoprotectant, and
then added sucrose, lactose, trehalose, sorbitol, mannitol,
glycine, PEG2000 Poloxamer 188, mPEG-PLA by the addition
method as cryoprotectants. The concentration of 5% DPT-
PM. Comparing the appearance of lyophilized powder, its
reconstitution, particle size and entrapment efficiency (%), a
suitable lyophilized protective agent was screened. The opti-
mal concentration of cryoprotectant was selected by adding
different concentrations of cryoprotectant (2, 3, 4, 5, 6, 8,
10%) in the preparation of DPT-PM lyophilized powder. It
was screened by comparing the appearance and reconstitu-
tion of lyophilized powder.

Figure 1. Chemical structure of deoxypodophyllotoxin.
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To measure the encapsulation and loading efficiency of
DPT-PM, it was dissolved in water and diluted with methanol
at 0.1mg/mL concentration. Analyses were performed by
HPLC method using Hedera C18 column (4.6mm � 250mm,
5 mm). The column oven temperature was maintained at
30 �C. The methanol–water (75:25 v/v) was used as the
mobile phase and flow rate was maintained at 1.0mL/min,
the sample injection volume was fixed at 20 mL. The signal
was monitored at 294 nm with UV detector. The encapsula-
tion efficiency (EE) and drug loading efficiency (DL) of the
DPT-PM were calculated by using the following equation:

EEð%Þ ¼ WA

WB
� 100%

DLð%Þ ¼ WA

WC
� 100%

WA represents the amount of DPT-loaded in the DPT-PM, WB

represents the total DPT amount added during preparation
of the DPT-PM and WC represents the weight of the DPT-PM.

Screening of cryoprotectants addition methods, using
internal and external addition of the best cryoprotectant to
prepare DPT-PM lyophilized powder. It was screened by com-
paring the particle size, reconstitution of lyophilized powder
and encapsulation efficiency.

2.3. Characterization of DPT-PM

2.3.1. Morphology
The morphology of DPT-PM solution was observed by trans-
mission electron microscopy (TEM, JEOL, JEM-1400; Japan).
The sample was prepared by placing a drop of DPT-PM
(dilute 50-fold with double-distilled water) on a 400-mesh
copper grid coated with carbon film followed by negative
staining with 1.5% (w/v) phosphotungstic acid. Then, the
sample was dried in the air before TEM observation.

2.3.2. Particle size analysis
Particles size and size distribution of DPT-PM were measured
by dynamic light scattering (DLS) using a laser particle size
analyzer (ZetaPALS, Brookhaven Instruments Co., USA).
Before measuring the particle size, the sample was dispersed
into saline. The measurement was repeated for three times
at 25 �C.

2.3.3. DSC analysis
Differential scanning calorimetry (DSC) analysis was per-
formed on a DSC204 (NETZSCH, Germany). 15mg sample
was placed in an aluminum pan and was sealed with the

sample pan press. The probes were heated from 30 to 200 �C
at a rate of 10 �C/min under nitrogen atmosphere.

2.3.4. In vitro release profile
The in vitro release profile of DPT-PM was conducted in
phosphate buffer saline at pH 7.4 containing 1% polysorbate
80. A certain amount of DPT-PM (DPT about 1mg) was dir-
ectly placed into dialysis bags (5.0 cm � 2.5 cm, MWCO
¼3500 kDa) and was sunk in 100mL of release medium and
was placed into horizontal oscillating water bath at 37 �C
and oscillated at 75 rpm. 1mL sample was drawn and
replaced with the release medium at a time interval of 1, 2,
4, 6, 8, 12, 24, 36 and 48 h. Collected samples were analyzed
by HPLC method to determine the concentration of DPT.

Investigate the release of DPT-PM at different pH condi-
tions in vivo. Select pH 7.4, 6.8 and 5.0 PBS buffers as release
media to simulate the blood environment (pH 7.4) and
tumor extracellular (pH 6.5–7.0), as well as endosomic acid
environment (pH 5.0), 1% PBS was added to meet the
sink condition.

2.3.5. Cytotoxicity study
Human cervical cancer cell line (Hela) was purchased from
the Chines Academy of Science (Shanghai, China). The cells
were cultured in DMEM cell culture medium containing 10%
fetal bovine serum (FBS), 50 U/mL penicillin, 50 lg/mL
streptomycin and 1% L-glutamine in a humidified incubator
at 37 �C with 5% CO2.

The cells were seeded at a density of 10� 103 cells/well
in a 96-well plate and incubated for 24 h. DPT, mPEG-PLA
and DPT-PM were serially diluted with culture medium in a
concentration of 1� 10�6, 1� 10�7, 1� 10�8, 1� 10�9 and
1� 10�10 mol/L. After 24 h of cell growth, cell culture
medium from each well was replaced with 200 lL of diluted
samples and the cells were incubated for 24 h cytotoxicity
study. Then after, samples were gently aspirated and 20lL
of MTT solution (5mg/mL) was added into each well and
incubated into an incubator for 4 h. After incubation for 4 h,
MTT solution was replaced by 150 lL of dimethyl sulfoxide
(DMSO) and was gently sacked for 5min to dissolve forma-
zan. The absorbance of formazan was recorded at 570 nm in
Microplate Reader. All of the experiments were performed in
triplicates. Cell inhibition percentage was calculated as fol-
lowing:

Cell inhibition rate ¼ 1� Isample�Iblank
Icontrol � Iblank

� 100%

Isample: the absorbance of formazan in live cells incubated

Scheme 1. mPEG-PLA reaction equation.
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with drug; Iblank: the absorbance of comparison; Icontrol is the
mean absorbance value of the control group.

2.3.6. The cell uptake study
Hela cells were seeded in a 6 well plate at a density of
5� 105 cells/well and allowed to attach for 24 h. After the
proper adherence of cells on the bottom of the well, the cul-
ture medium was aspirated and washed three times with
PBS buffer. 0.1, 0.5, 2, 5 and 10 lL of mPEG-PLA micelle solu-
tion coated with100 ng/mL coumarin 6 was added respect-
ively in a set of three wells and incubated for 1 h in
incubator. Then after, the medium was aspirated and washed
three times with cold PBS (4 �C). 0.5mL of trypsin was added
into each well to harvest the adhered cells and was centri-
fuged to separate the cells. Further, the settled cells were
suspended into 0.5mL cold PBS and the up-take of coumarin
6 tagged samples were measure by flow cytometry (Ex ¼
488 nm; Em ¼ 530 nm) (MACSQuant Analyzer 10, Miltenyi
Biotec GmbH).

2.3.7. Tissue distribution
For tissue distribution study, Hela229 tumor cell line (5� 105

cell/200lL) was injected into the right-limb flank of the
nude mice (weight : 20±2 g, n¼ 12). After 2 weeks of tumor
growth, all mice were divided into two groups (n¼ 6). One
group was injected with 200 lL of DiR-labeled DPT-PM via
tail vein and another group was injected with free DiR at a
fixed DiR dose of 1.25mg/kg in both groups. After injection,
both groups were imaged under in vivo imaging system (In-
Vivo FX PRO, Carestream, Canada) at the time interval of 1, 2,
4, 6 and 8 h. After 8 h of imaging, one mouse from each
group was sacrificed to harvest the tumor and major organs
(heart, liver, spleen, lung and kidney) and was imaged under
IVIS and the obtained fluorescence intensities
were calculated.

2.3.8. Pharmacokinetic study
SD female mice (weight : 230± 10 g) were used for in vivo
experiments. All mice were grouped into two groups
(n¼ 12). One group was injected with 0.55mL of DPT-PM
solution and another group was injected with hydroxypropyl
-b- cyclodextrin solution. The dose given to each mouse was
calculated based on the bodyweight of the mouse (15mg/kg
DPT). The blood samples were collected from eye by

puncturing the optical vain plexus at a predetermined time
interval of 2, 5, 10, 20, 30, 45, 60, 90, 120, 180 and 240min.

To determine the concentration of DPT, 100lL of plasma
sample was taken and was mixed with 10 lL of diazepam
(internal standard) for 10 s and 300lL of methanol was
added into it and was further vortex for 3min. The mixed
samples were centrifuge at 14000 rpm for 5min and 20 lL
from the supernatant was injected into the HPLC system to
quantify the amount of DPT.

2.3.9. Statistical analysis
All experiments were conducted in triplicate and the data
were analyzed using SPSS software, version 19. Differences
between the groups were assessed by one-way ANOVA, and
a p value less than 0.05 was considered as significant.

3. Results

3.1. Optimization of cryoprotectant

The factors influencing the cryoprotectant of DTX-PM were
optimized by using a single-factor design. Three variable fac-
tors were chosen for the analysis: (A) different cryoprotec-
tants; (B) addition method of cryoprotectants; (C)
concentration of cryoprotectants.

As shown in Table 1, different cryoprotectants were opti-
mized for their dispersion efficiency, particle size, and entrap-
ment efficiency. Without cryoprotectant, PEG 2000 appeared
as a white collapsed mass which upon addition of water pre-
cipitated and was difficult to disperse. The entrapment effi-
ciency of Glycine, Poloxamer188 and mPEG-PLA was more
than 90%, which shows nearly no differences with the
micelles before lyophilization (p>0.05). On the other hand,
the addition of mPEG-PLA did not significantly affect the par-
ticle size of DPT-PM as compared to those without a stabil-
izer (p>0.05). From these results, mPEG-PLA was chosen as a
stabilizer for the lyophilization, since it did not change the
particle size and %EE of DPT-PM.

Similarly, the addition method of cryoprotectant was opti-
mized. The obtained result shows there was no significant
difference in terms of particle size and %EE (Table 2). While
comparing particle size in both methods, it was seen that
there was a slight difference in the obtained particles size. It
was seen that after the addition of cryoprotectant in hydra-
tion condition particles were obtained with smaller size than

Table 1. Effects of different cryoprotectant on DPT-PM freeze-dried powder (n¼ 3, mean ± SD).

Cryoprotectant
Redispersion
Time (s)

Particle size (nm) Entrapment efficiency (%)
Appearance of
dry powersBefore After Before After

None — 28.6 — 99.46 8.76 White mass collapsed
Sucrose 150 29.4 126.7 98.89 32.93 White mass non-collapsed
Lactose 150 30.2 158.5 99.21 13.21 White mass non-collapsed
Trehalose 100 26.5 83.6 99.32 88.42 White mass non-collapsed
Sorbitol 60 38.1 52.8 98.67 88.31 White mass non-collapsed
Mannitol 180 27.9 182.4 99.51 15.58 White mass non-collapsed
Glycine 45 30.4 38.6 99.63 90.25 White mass non-collapsed
PEG2000 — 34.6 — 99.42 10.21 Nearly white collapsed
Poloxamer188 90 27.3 54.3 99.13 92.31 White mass non-collapsed
mPEG-PLA 30 28.9 32.2 99.41 97.28 White mass non-collapsed
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was added before freeze-drying. Based on this, it was con-
cluded that the best way to add cryoprotectant is in
hydrate condition.

Likewise, the effect of concentration of cryoprotectant on
the size of particles and the %EE was studied. The obtained
results show (Table 3) that the optimum concentration of
the cryoprotectant required for freeze-drying was 3% at
which no significant changes in particles size and %EE
was recorded.

In summary, DPT-PM freeze-dried powder was successfully
prepared using optimized formulation. mPEG-PLA was added
to hydration media before hydrating as cryoprotectants. The
freeze-dried powder exhibited white pie-solid without col-
lapsing, and the particle size of DPT-PM reconstituted with
water was about 20–35 nm. The entrapment efficiency of the
reconstituted solution was 98%, which shows no difference
with the micelles before lyophilization. DPT-PM was obtained
with a saturation solubility of 18.18mg/mL, which was
36,000 times higher than that of the raw DPT.

3.2. Characterization of DPT-PM

The morphology of micelles was characterized by TEM
(Figure 2). All micelles exhibited almost spherical in shape,
uniformly distributed and smaller in size (13–30 nm). From
the TEM image, it was clearly seen that all micelles were
enveloped in a coronal layer which provides stability to
micelles (Xiao et al., 2018).

DPT raw material (Figure 3) was monitored at 169.69 �C
and in micelle at 40.14 �C. After freeze-drying with mPEG-
PLA, the peak was monitored at 42.1 �C with a slight shift.
The nature of peak was not changed in micelle as well as in
freeze-dried powder. From this study, it was conformed that
there was no incompatibility of DPT with polymer and cryo-
protactent and its crystalline property was intact even after
lyophilization. Drug loading and entrapment efficiency of PM
is higher in compression to HP-b-CD. The calculated loading

and entrapment % of DPT in solution and in freeze-dried
powder with PM and in HP-b-CD were listed in Table 4.

3.2.1. In vitro release studies
The release profiles of DPT from micelle DPT-PM and plane
DPT at pH 7.4 were shown in Figure 4(a). From release pro-
file, it can be seen that the cumulative release of DPT was
higher (53.4%) from DPT-PM and lower (38.1%) as such after
72 h. From this in-vitro drug release profile study, it can be
predicted that the release of DPT in plasma environment will
be higher from micelles (DPT-PM) than from DPT as such.
From release pattern, it can also be predicted that the
release of DPT from PM is in controlled form and last for a

Table 3. Effects of concentration of cryoprotectant on DPT-PM freeze-
dried powder.

Concentration
of mPEG-PLA as
cryoprotectant (%)

Redispersion
time (s)

Particle size (nm) Entrapment efficiency (%)

Before After Before After

2 10 28.2 45.2 99.32 96.29
3 5 32.4 31.9 99.72 98.96
4 5 27.6 28.0 98.76 98.72
5 5 30.1 29.2 99.67 99.13
6 5 24.2 25.1 99.35 99.32
8 5 25.6 22.4 99.48 99.21
10 5 31.8 27.3 98.72 97.53

Figure 2. TEM images of DPT-PM.

Figure 3. DSC thermograms of DPT-PM、DPT and mPEG-PLA.

Table 4. Drug loading and entrapment efficiency of DPT-PM solution and
powder (n¼ 3, mean ± SD).

DPT-PM
solution

DPT-PM freeze-dried
powder

DPT-HP-b-CD
solution

Drug loading% 19.5 ± 0.02 19.74 ± 0.10 3.40 ± 0.01
Entrapment efficiency% 99.3 ± 0.53 98.75 ± 0.66 80.2 ± 0.25

Table 2. Effects of added method of cryoprotectant on DPT-PM
freeze-dried powder.

Added method
Redispersion
time (s)

Particle size (nm) Entrapment efficiency (%)

Before After Before After

Added before
freeze drying

30 28.9 32.2 99.41 97.28

Added to
hydration media

5 30.1 29.2 99.67 99.13
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long time. The release of DPT was fitted into different release
models using DDsolver software and the calculated results
were listed in Table 5.

After fitting the release pattern of DPT into different mod-
els, it was clear that the release pattern follows the
Peppas–Sahlin model as the R2 value obtained was 0.9957.

From this Peppas–Sahlin model, it can be said that the
release mechanism coexists diffusion and dissolution but not
the Fick-diffusion mechanism.

It can be seen from Figure 4(b), the drug release pattern
was dominated by diffusion mechanism throughout the
release process. But it can be also seen that a portion of the
drug gets dissolved slightly in the initial phase and further
follow the diffusion mechanism. From the graph, it can be
seen that only 9.51% of the drug released from the matrix
by dissolving in release media in 72 hours. From the plotted
graph, it can be concluded that the dissolution mechanism
increases by the passes of time, however, in comparison to
diffusion mechanism it is always less in proportion. Based on
this speculation, it can be said that DPT slowly released from
the shell formed outside by mPEG-PLA by diffusion mechan-
ism initially and later by penetration of release medium into
shell followed by dissolving the core materials. From this, it
is clear that the release of DPT from mPEG-PLA shell was
driven by two mechanisms which acts synergistically.

Further, to confirm the influence of release medium pH of
release pattern, the release of DPT from micelles was con-
ducted at 3 different pH levels i.e. pH 7.4, 6.8 and 5.0. The
obtained results at different pH levels were calculated and
fitted into Peppas–Sahlin model and the calculated values
were listed in Table 6 and the release profile was shown in
Figure 5. From the cumulative drug release profile, it was
clear that the release of DPT from mPEG-PLA is higher at
acidic pH. As the tumoral microenvironment is acidic, so it is
concluded that DPT gets released in tumor cell in higher
concentration and not in normal cell.

3.3. The cytotoxicity study

The cytotoxicity level of blank PM, DPT and DPT-PM were
shown in Figure 6. Concentration level of all 3 samples was
diluted from 10�6 to 10�10 mol/L and incubated with Hella
cell line for 24 h. The cytotoxicity level of DPT and DPT-PM at

10�6 mol/L concentration was monitored 83.57 and 83.69%,
respectively but for PM, only 19.09% toxicity level was calcu-
lated which showed that this micelle is safe. However, when
the concentration of DPT-PM was 10�10 mol/L, the cell inhib-
ition rate was slightly lower than that of DPT, and then the
cytotoxicity increased with the increment of concentration
due to that the poor water-solubility of DPT. The micelles
increased the solubility of DPT and enhanced the release
rate of DPT in tumor acidic microenvironment and increase
the cytotoxicity.

3.4. The uptake study

From Figure 7(a), the fluorescence intensity increased with
the increment of dose, and the positive correlation trend
was obvious which indicates that the uptake of mPEG-PLA
micelles was concentration-dependent. But when the dose
exceeded more than 500 ng, the cellular uptake was found
in saturate level. In addition, Figure 7(b) showed that when
the micelles were incubated with cells for 1 h, the fluores-
cence intensity was only 3200AU. Then, the results showed
that the fluorescence intensity increased rapidly within 4 h,
and the fluorescence intensity did not change significantly
after 12 h, indicating the uptake for the micelles became
saturated after 12 h.

Based on the uptake study, the laser confocal scanning
was conducted and the scanned images were shown in
Figure 8. From the obtained image, it can be seen that PM
can stay inside the lysosome for 1–4 h which indicates the

Figure 4. Cumulative release profile of DPT-PM and DPT at pH 7.4 (a); percentage of the Fick diffusion and the erosion mechanisms over the drug release from
DPT-PM (b).

Table 5. Fitting equation and correlation coefficients.

Model Equation R2

Zero-order Q¼ 0.726 t 0.4219
First-order Q¼ 100[1�Exp(�0.015t)] 0.7736
Higuchi Q¼ 6.724t0.5 0.9458
Peppas-Sahlin Q¼ 6.493t0.664–0.165t1.328 0.9957

Table 6. Peppas-Sahlin equation at different pH.

pH Equation k1 k2 m R2

7.4 Q¼ 6.493 t0.664�0.165t1.328 6.493 �0.165 0.664 0.9957
6.8 Q¼ 19.160 t0.556�1.060t1.112 19.160 �1.060 0.556 0.9882
5.0 Q¼ 17.912t0.542�1.002t1.084 17.912 �1.002 0.542 0.9779
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uptake of PM inside the cell was through the endocyto-
sis path.

In Summary, the cellualar uptake was investigated by cou-
marin 6 loaded mPEG-PLA micelles at different dosages and
a different time. Compared to DPT, DPT-PM of Hela229 cells
had higher ability to kill, while mPEG-PLA showed a higher
level of security. The cellular uptake experiment showed that
mPEG-PLA micelles can be uptaken by Hela229 cells, and
uptake amounts increased with the increase of dosage and
time before reaching the saturation. Meanwhile, Hela229
cells in situ nude mice were used as animal models with DiR
fluorescent probes to investigate DiR-mPEG-PLA micelles
tumor targeting and in vivo characteristics of tissue distribu-
tion. The result showed that mPEG-PLA micelles had great
tumor targeting ability and could accumulate in the tumor.
mPEG-PLA micelles also can prolong the time of drug treat-
ing time in the tumor through enhanced permeability and
retention (EPR) effect.

3.5. Tissue distribution

To confirm the mPEG-PLA mediated bio-distribution of DPT,
DiR loaded mPEG-PLA was prepared. Then after pre-diluted
solution of DiR-mPEG-PLA and DiR in saline were injected
into the tumor bearing nude mice via tail vein. After the
injection of both preparations, mice were imaged under IVIS

at pre-defined time i.e. 1, 2, 4, 6 and 8 h. The obtained IVIS
images were shown in Figure 9, the obtained results showed
that the fluorescence intensity of DiR in tumor site was grad-
ually increased in the DiR-PM group by the passes of time
whereas, in DiR group the fluorescence intensity was only
last up to 4 h. Further, to confirm the tissue distribution of
DiR, after 8 h mice from both groups were sacrificed and
major organs from both groups were harvested and imaged
under IVIS. Very strong intensity of DiR was seen in tumor in
DiR-PM group as can be seen in Figure 9 (under heading
in-vitro after 8 h). Whereas in DiR group, no fluorescence
intensity was observed. From this bio-distribution study, it
was clear that mPEG-PLA has great tumor targeting ability
and helps the drug to retain in the tumor for a pro-
longed period.

3.6. Pharmacokinetic study

The plasma concentration – time curve of DPT from two for-
mulations followed by i.v.-administration was shown in
Figure 10 and the calculated pharmacokinetic parameters
were listed in Table 7. From the pK curve, it was clearly seen
that the release of DPT from DPX-PM was higher comparing
to DPT-HP-b-CD.

The pK parameters show that the bioavailability of DPT
form polymer micelles in plasma was 1.6 times higher than
that from cyclodextrin inclusion complexes, indicating that
the use of polymer micelles as a carrier can significantly
increase the bioavailability of DPT. Moreover, the half-life
(T1/2) of the micelle group was prolonged, plasma clearance
was only 63% of the cyclodextrin group and the apparent
volume of distribution was 56% of the cyclodextrin group.
These results indicated that the mPEG-PLA micelles can pro-
long the half-life of DPT in plasma and reduce the plasma
clearance rate. And can help DPT retain for a prolonged time
in the circulatory system for a prolonged therapy.

4. Discussion

In this study, the deoxypodophyllotoxin loaded polymeric
micelles (DPT-PMs) were successfully prepared by means of
solvent evaporation-film dispersion method in the presence
of DPT and mPEG-PLA. The TEM and DLS results indicated

Figure 5. Cumulative release profile of DPT from DPT-PM at pH 5.0, 6.8 and 7.4 (a); percentage of the Fick diffusion and the erosion mechanisms over the drug
release from DPT-PM at different pH (b).

Figure 6. Cytotoxicity of PM, DPT and DPT-PM on Hella cell line
(n¼ 3, mean ± SD).
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that the sizes of DPT-PMs were kept below 30 nm with a
relatively narrow size distribution. The size of micelles was
below the pore size of the permeable vasculature found in
many solid tumors, indicating that DPT-PMs could be able to
selectively accumulate in solid cancer via the EPR effect
(Davis et al., 2008; Fang et al., 2011). This also could explain
the mPEG-PLA micelles accumulation in tumors in tissue dis-
tribution study.

The DPT-PMs were solidified through lyophilization,
which increases the stability of the structure and maintains
particle integrity over days. The freeze-dried powder exhib-
ited white pie-solid without collapsing, and the particle size
of DPT-PMs reconstituted with water was about 20–35 nm.
The entrapment efficiency of reconstituted solution was
98%, which shows no differences with the micelles before

lyophilization. Based on the analyses of DSC, it was sug-
gested that DPT was coated by mPEG-PLA in amorph-
ous form.

The release behavior of DPT from the micelles exhibited a
biphasic pattern characterized by a fast initial release during
the first 10 h, followed by a slower and continuous release of
the drug up to 72 h. The burst release of DPT could be the
result of the dissolution and diffusion of the drug that was
poorly entrapped in the micelles, while the slower and con-
tinuous release may due to the diffusion of the drug-loaded
in the micelles core. The release behavior of DPT-PMs was
pH-dependent, and the sustained release effect of DPT-PMs
in acid medium is better than that in neutral medium. Its
release mechanism was non-Fick diffusion and fitted with
the Peppas–Sahlin equation.

Figure 7. Mean fluorescence intensity of different concentration of mPEG-PLA (a) and at different time (b) (n¼ 3, mean ± SD).

Figure 8. The cell uptake of micelle entrapped coumarin-6 under fluorescence microscope.
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In vitro antitumor activity suggested that mPEG-PLA
micelles had satisfactory safety and DPT-PMs could be inter-
nalized into the cells efficiently. The cellular uptake of mPEG-
PLA micelles was time and dose-dependent. A comparison of
in vitro cytotoxicity of free DPT, DPT-PMs enhanced cytotox-
icity against Hela229 cells, which would be attributed to the
higher internalization of mPEG-PLA micelles than that of free
DPT. Meanwhile, Hela229 cells in situ nude mice were used
as animal models with DiR fluorescent probes to investigate
DiR-mPEG-PLA micelles tumor targeting and in vivo charac-
teristics of tissue distribution. The result showed that mPEG-
PLA micelles had great tumor targeting ability and could
accumulate in the tumor. mPEG-PLA micelles also can pro-
long the time of drug treating time in the tumor through
enhanced permeability and retention (EPR) effect. Apart from

the advantages in delivery, the mPEG-PLA micelles reveal
favorable safety for systemic administration. The mPEG-PLA
composed of degradable polyethylene glycol and poly D, L-
lactide, which were approved by the FDA as an excipient in
therapeutic agents (Yang and Kao, 2006). Furthermore, the
drugs aggregation and prolonged drugs circulation induced
by mPEG-PLA could efficiently reduce the side effects caused
by DPT.

It is well known that the surface property of nanoparticles
is one of the main factors affecting blood clearance. The
micelles with PEG shell can resist nonspecific adsorption of
proteins and thus can provide stealth property during blood
circulation. Our pharmacokinetic results not only proved the
ability of long blood circulation of mPEG-PLA micelles but
also displayed the higher bioavailability of DPT-PMs. Hence,
all results confirm that the DPT-PMs has better therapeutic
efficacy on tumor and lower systemic toxicity than the
free DPT.

5. Conclusions

In summary, DPT-PM micelle was prepared by solvent evap-
oration-film dispersion method using mPEG-PLA co-polymer.
The used PM has excellent drug loading capacity and select-
ively release loaded drug in an acidic environment. As in
tumor, the cytosolic environment is acidic so this PM can
selectively deliver loaded drugs in the tumor without effect-
ing normal cells were pH level is almost neutral. The cellular
study also confirmed its selectivity. Further, from in-vivo pK
study and anti-tumor efficacy study, it was proved that
mPEG-PLA co-polymer is a promising carrier. It can select-
ively deliver loaded drug at the target site to improve the

Figure 9. IVIS images obtained after i.v injection of DiR-PM and DiR in tumor bearing mice and in-vitro images of major organs after 8 h.

Figure 10. Time courses of DPT plasma level from DPT-MP and DPT-HP-b-CD
followed by i.v. administration. Equal dose (15mg/kg body weight) of DPT was
maintained in both formulation (n¼ 6, mean ± SD).

256 C. ZU ET AL.



bioavailability of poorly water-soluble drugs and retain in cir-
culation for a prolonged period to discharge the drug in a
safe and effective manner.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This project was supported by the Ministry of Science and Technology
of China [No. 2017ZX09101001-005-003], Shandong Provincial Natural
Science Foundation [No. ZR2019YQ30, ZR2019YQ24], Taishan Scholar
Program (No. qnts20161035), National Natural Science Foundation of
China [No. 81972892, 81573614, 81673364], the Natural Science
Foundation of Jiangsu Province [No. BK20150702], the Science and
Technology Development Fund of Nanjing Medical University
[2016NJMU105], and A Project Funded by the Priority Academic
Program Development of Jiangsu Higher Education Institutions
[KYCX17_0674, KYCX19_0644].

ORCID

Daquan Chen http://orcid.org/0000-0002-6796-0204

References

Bissery MC. (1995). Preclinical pharmacology of docetaxel. Eur J Cancer
31A:S1–S6.

Bohlin L, Rosen B. (1996). Podophyllotoxin derivatives: drug discovery
and development. Drug Discov Today 1:343–51.

Burt HM, Zhang XC, Toleikis P, et al. (1999). Development of copolymers
of poly(D,L-lactide) and methoxypolyethylene glycol as micellar car-
riers of paclitaxel. Colloid Surf B Biointerf 16:161–71.

Canel C, Moraes RM, Dayan FE, Ferreira D. (2000). Podophyllotoxin.
Phytochemistry 54:115–20.

Chaudhuri AR, Luduena RF. (1996). Griseofulvin: a novel interaction with
bovine brain tubulin. Biochem Pharmacol 51:903–9.

Chen HB, Chang XL, Du DR, et al. (2006). Podophyllotoxin-loaded solid
lipid nanoparticles for epidermal targeting. J Control Release 110:
296–306.

Chen SW, Gao YY, Zhou NN, et al. (2011). Carbamates of 40-demethyl-4-
deoxypodophyllotoxin: synthesis, cytotoxicity and cell cycle effects.
Bioorg Med Chem Lett 21:7355–8.

Dall’Acqua S, Giorgetti M, Cervellati R, Innocenti G. (2006).
Deoxypodophyllotoxin content and antioxidant activity of aerial parts
of Anthriscus sylvestris Hoffm. Zeitschrift Fur Naturforschung C-a [J
Biosci] 61:658–62.

Davis ME, Chen Z, Shin DM. (2008). Nanoparticle therapeutics: an emerg-
ing treatment modality for cancer. Nat Rev Drug Discov 7:771–82.

Fan L, Wu H, Zhang H, et al. (2009). pH-Sensitive podophyllotoxin carrier
for cancer cells specific delivery. Polym Compos 31:51–9.

Fang J, Nakamura H, Maeda H. (2011). The EPR effect: unique features of
tumor blood vessels for drug delivery, factors involved, and limita-
tions and augmentation of the effect. Adv Drug Deliv Rev 63:136–51.

Feng RH, Zhang ZY, Li ZW, Huang GH. (2014). Preparation and in vitro
evaluation of etoposide-loaded PLGA microspheres for pulmonary
drug delivery. Drug Deliv 21:185–92.

Gaucher G, Dufresne MH, Sant VP, et al. (2005). Block copolymer
micelles: preparation, characterization and application in drug deliv-
ery. J Control Release 109:169–88.

Gordaliza M, Castro MA, del Corral JMM, San Feliciano A. (2000).
Antitumor properties of podophyllotoxin and related compounds.
CPD 6:1811–39.

Guerram M, Jiang ZZ, Sun LX, et al. (2015). Antineoplastic effects of
deoxypodophyllotoxin, a potent cytotoxic agent of plant origin, on
glioblastoma U-87MG and SF126 cells. Pharmacol Rep 67:245–52.

Hui L, Sang C, Wang D, et al. (2016). Newly synthesized podophyllotoxin
derivative, LJ12, induces apoptosis and mitotic catastrophe in non-
small cell lung cancer cells in vitro. Mol Med Rep 13:339–46.

Ikeda A, Kawai Y, Kikuchi J, et al. (2011). Formation and regulation of ful-
lerene-incorporation in liposomes under the phase transition tem-
perature. Org Biomol Chem 9:2622–7.

Karwal R, Garg T, Rath G, Markandeywar TS. (2016). Current trends in
self-emulsifying drug delivery systems (SEDDSs) to enhance the bio-
availability of poorly water-soluble drugs. Crit Rev Ther Drug Carrier
Syst 33:1–39.

Oerlemans C, Bult W, Bos M, et al. (2010). Polymeric micelles in anti-
cancer therapy: targeting, imaging and triggered release. Pharm Res
27:2569–89.

Vanuden W, Woerdenbag HJ, Pras N. (1994). Cyclodextrins as a useful
tool for bioconversions in plant-cell biotechnology. Plant Cell Tiss
Organ Cult 38:103–13.

Wang S, Wang WQ, Lv HX, et al. (2016). Preparation and evaluation of
long-circulating deoxypodophyllotoxin-loaded liposomes using poly(-
ethylene glycol)-distearoylphosphatidylethanolamine. J Pharm Innov
11:134–42.

Xiao M, Fan X, Fu Y, et al. (2018). Deoxypodophyllotoxin induces cell
cycle arrest and apoptosis in human cholangiocarcinoma cells. Oncol
Lett 16:3177–82.

Yang H, Kao WY. (2006). J., Thermoresponsive gelatin/monomethoxy
poly(ethylene glycol)-poly(D,L-lactide) hydrogels: formulation, charac-
terization, and antibacterial drug delivery. Pharm Res 23:205–14.

Yong Y, Shin SY, Lee YH, Lim Y. (2009). Antitumor activity of deoxypodo-
phyllotoxin isolated from Anthriscus sylvestris: induction of G2/M cell
cycle arrest and caspase-dependent apoptosis. Bioorg Med Chem Lett
19:4367–71.

Yu YL, Li YN, Zhang Y, et al. (2018). Optimization and characterization of
deoxypodophyllotoxin loaded mPEG-PDLLA micelles by central com-
posite design with response surface methodology. Chinese J Nat Med
16:471–80.

Zilla MK, Nayak D, Amin H, et al. (2014). 4 ‘-Demethyl-deoxypodophyllo-
toxin glucoside isolated from Podophyllum hexandrum exhibits poten-
tial anticancer activities by altering Chk-2 signaling pathway in MCF-7
breast cancer cells. Chem-Biol Interact 224:100–7.

Table 7. Calculated pharmacokinetic parameters of both formulation followed by i.v administration with same dose
(15mg/kg) of DPT (n¼ 6, mean ± SD).

Cmax T1/2 AUC0-t MRT CL Vss
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