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Preparation and Characterization of Micellar Tryptanthrin*
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ABSTRACT Objective: The study was aimed to increase the solubility of tryptanthrin (TRYP) by preparing micellar tryptanthrin,
improve its bioavailability further. Methods: Pegylated tryptanthrin was synthesized via acid-sensitive hydrazone bond and further pre-
pared as micelles by employing the dialysis method. The particle size distribution of the micelles was evaluated by dynamic light scatter-
ing (DLS) and the morphology was observed using a transmission electron microscope. The critical micelle concentration (CMC) of mi-
celles was estimated by fluorescence probe method. The in vitro drug-release profile was determined using a dynamic dialysis method at
pH 5.5 and pH 7.4. The fracture behavior of hydrazone bond was studied by thin layer chromatography (TLC) and high performance lig-
uid chromatography (HPLC). In vitro cytotoxicity of TRYP and PEGylated tryptanthrin micelles (PTMs) against MCF-7 cells was studied
using the CCK-8 assay. Results: The solubility of PTMs was increased by 1493 fold compared with TRYP. The PTMs were prepared
with a particle size of 228.8 nm and PDI of 0.1, and the micelles were spherical. The CMC of PTMs was 3.5% 107 mol/L and the low
CMC indicated the high stability of prepared micelles and facilitated further use. The fracture behavior of hydrazone bond at acidic pH
was verified and 95% of TRYP was released from PTMs at lower pH 5.5 in 12 h, while the drug release was very slow at normal physio-
logical pH 7.4. The cytotoxicity of PTMs decreased under normal physiological conditions compared with TRYP, indicating that the
cytotoxicity of PTMs was reduced compared with that of TRYP, which may be due to the stability of TRYP when prepared as micelles.
Whereas at pH 5.5, the PTMs showed comparable cytotoxicity, indicating successful drug release from the carrier in response to tumor
intracellular pH. Conclusions: The pegylated tryptanthrin improved water solubility of tryptanthrin effectively, which would benefit its
further improvement in its bioavailability. Besides, it could be a promising tumor targeting prodrug.
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lipidosomes. Hence, TRYP with a IgP 0f 2.37 [ cannot form sta-

Introduction ble lipidosomes. Owing to the advantages of good solubilization

Tryptanthrin (TRYP), an indole quinazoline alkaloid, is a ma-
jor active constituent extracted from several Chinese herbal plants
such as Strobilanthes cusia, Polygonum tinctorium lour and Isatis
tinctorial 'L Tt is reported that TRYP has a broad spectrum of bio-
logical activities including anticancer, anti-inflammatory, antipro-
tozoal, antiallergic, and antimicrobial activities . Our previous
study illustrated that TRYP has proliferation-attenuating and apop-
tosis-inducing effects on a leukemia cell line in vitro and might be
a new candidate to treat leukemial”. However, the poor water solu-
bility (1.339 pg/mL in water ®) of TRYP limits its absorption in
the body, resulting in its extremely low bioavailability.

Liposomes and micelles “' can increase the solubility of
poorly soluble drugs, and they have been extensively studied in re-
cent years. The lipophilic drugs with the logarithms of oil/water

partition coefficient (P) (IgP) higher than 4.5 could be prepared as

effect and simple production process, polymer micelles have gar-
nered considerable attention 314, Polymer micelles consist of hy-
drophobic cores and hydrophilic shells, and polymer-drug-conju-
gated micelles (PDCM) are effective drug carriers that can be
loaded with hydrophobic drugs to increase solubility and bioavail-
ability of the parent drug!>'?. Furthermore, micelles with nano-size
can target to the tumor tissues passively based on the enhanced
permeability and retention (EPR) effect and release loaded drugs
in target sites '8, Moreover, the preparation process of polymer drug
conjugate micelles is relatively simple, and drugs can be linked to
polymers by physical encapsulation or chemical binding "%
which greatly expands their range of applications.

Polyethylene glycol (PEG) is one of the polymers that com-
monly used in the preparation of polymer drugs. PEG is an ideal
drug carrier material and the Food and Drug Administration (FDA)
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has approved PEG for human intravenous, oral, and dermal appli-
cations 2" However, currently, most of the PEGylated drugs
used in clinical practice are macromolecules and the key problem
that restricts the application of PEGylated small-molecule drugs is
the difficulty of separation of PEGylated drugs and free PEG. Be-
cause they have a similar molecular weight and polarity, the com-
mon column chromatography method is not applicable. Currently,
the only small-molecule drug that is under clinical research is PE-
Gylated irinotecan #. Molecular imprinting technology (MIT) has

been widely applied in various fields to selectively separate target
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molecules because of its recognition specificity and application u-
niversality 2. In our work, the PEG molecularly imprinted poly-
mer was prepared using PEG as a template molecule and applied
for the separation of PEGylated TRYP and mPEG-COOH of simi-
lar molecular weight.

In order to improve the solubility of TRYP, TRYP-loaded mi-
celles were prepared in this study. The method was to connect
TRYP and PEG through hydrazone bonds. The amphiphilic block
copolymer, TRYP-PEG, was used to form micelles by employing
the dialysis method (Fig. 1).

&

PTMs
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Fig.1 Preparation of micellar tryptanthrin

1 Materials and Methods

1.1 Materials

Unless stated otherwise, all reagents were obtained from
commercial sources and were analytical grade. TRYP was a gift
from department of Natural medicine, the Air Force Medical Uni-
versity. Methoxy polyethylene glycol (molecular mass 2000 Da,
purity :>95%) was purchased from Nanocs (America). Distilled
deionized water was produced using the Millpak Reagent Water
System (Millipore, USA). Pyrene, dicyclohexylcarbodiimide
(DCC), 4-dimethylaminopyridine (DMAP), acrylamide, ammoni-
um persulfate, 2-hydrazinoethanol, and N,N-dimethylacrylamide
were purchased from Sigma Aldrich (USA). DMEM medium and
CCK-8 were purchased from KeHao BioEngineering Inc.
1.2 Synthesis of TRYP-PEG

Tryptanthrin  (248.0 mg) was dissolved in 25 mL of tetrahy-
drofuran (THF) and 2-hydroxyethyl hydrazine (76.0 mg) was dis-
solved in 3 mL of ethanol. The mixture was stirred under nitrogen
atmosphere for 12 h. The reaction process was monitored by thin
layer chromatography (TLC) on F254 silica gel pre-coated sheets
(Qing Dao, China) and the products were purified by column chro-
matography.

mPEG2000-COOH (40.0 mg), TRYP-NNHCH,CH,OH (9.2
mg), 4-dimethylaminopyridine (DMAP, 22.3 mg), and dicyclo-
hexylcarbodiimide (DCC, 26.5 mg) were dissolved in 15 mL of

dry dichloromethane, and then the solution was stirred in an ice
bath for 24 h. The impurities were removed and the crude product
was acquired by suction filtration. The unreacted mPEG-COOH
was removed using PEG-imprinted polymer that was prepared as
mentioned below.
1.3 Preparation and selectivity of molecularly imprinted
polymer

mPEG-COOH (100.0 mg), acrylamide (3.6 mg), and N,
N-dimethylacrylamide (39.6 mg) were dissolved in 30 mL of dis-
tilled water. The solution was then stirred at room temperature for
30 min. Thereafter, ammonium persulfate (100.0 mg) was added
and the solution was placed in an oil bath at 85 ‘C under vigorous
stirring with reflux condensation for 12 h. Ten microliters of anhy-
drous ethanol was added to the product. The sample was cen-
trifuged at 12000 rpm for 10 min, and then the supernatant was
discarded and the precipitate was re-suspended in ethanol. Cen-
trifugation was repeated under the same condition three times. The
supernatants were collected; the absorbance of the supernatant was
detected using a UV spectrophotometer (MAPADA, Shanghai,
China). When mPEG-COOH could not be monitored, washing
was stopped. The collected precipitates were just contained im-
printed polymers, with mPEG-COOH as the template molecule
(PEG molecularly imprinted polymers, PMIPs). To measure the
adsorption performance of PMIPs, 4 mL of 0.2 mgmL
mPEG-COOH solution was added to 11 mg of PMIPs. The sample
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was placed in a constant temperature (25 C) shaker at 100 rpm,
and then subjected to full wavelength scanning by ultraviolet spec-
trophotometry at 200-300 nm after 30 min. The process was re-
peated, except that the mPEG-COOH solution was replaced by
TRYP-PEG solution. The changes in absorbance were observed
and the adsorption rate of PMIPs to PEG or TRYP-PEG was cal-
culated using the following equation.
Adsorption rate (mg/g)=

(total mass of material-mass of unabsorbed material)
(total mass of PMIPs)

1.4 Characterization of TRYP—-PEG

The synthesized polymers TRYP-PEG were confirmed by
IH-NMR. The NMR spectrum was obtained using Varian
400MHz (Bruker, Germany), with tetramethylsilane (TMS) as the
internal standard. Chemical shifts are expressed as parts per mil-
lion (ppm). TRYP-PEG was dissolved in 0.5 mL of D,O. Fourier
transformed infrared spectroscopy (FTIR) was also used to con-
firm the structure of TRYP-PEG. The spectra were obtained using
the Nicolet SDXC IR spectrometer (Nicolet, Madison, USA) at a
resolution of 2 cm™ and a spectral range of 4000-400 cm™.

1.5 Preparation of PEGylated TRYP micelles

TRYP-PEG (4.3 mg) was dissolved in 2 mL of DMSO. The
solution was stirred rapidly for 2 h, and then 10 mL of deionized
water was added dropwise into the solution. The solution was
stirred for 12 h, and then transferred into a pretreated dialysis bag
(MWCO: 1 kDa) and dialyzed against deionized water. The outer
phase was replaced with fresh deionized water every 3 h. After 12
h, the PEGylated TRYP micelles (PTMs) were obtained and stored
at4 C for further use.

To measure the drug loading content, PDMs (10.0 mg) was
dissolved in 10 mL of HCI (1 mol/L), the solution was stirred
rapidly for 2 h at 60 ‘C. Then, 2 mL of the above solution was tak-
en and determined by UV-vis at 251 nm. The content of TRYP
was calculated using a standard curve. Drug loading could be cal-
culated using the following equations:

(weight of TRYP in micelles) <100

Drug loading content (7oy= (total mass of micelles)

1.6 Drug-—release study

The in vitro drug-release profile was determined using a dy-
namic dialysis method. Briefly, PTMs was incubated with phos-
phate-buffered saline (PBS) solution of different pH (pH 5.5 and
7.4). Typically, 5 mL of PTMs solution (2 mg/mL) was dialyzed
(MWCO: 1 kDa) against 25 mL of PBS solution at 100 rpm in a
constant temperature shaker at 37 ‘C. At predetermined intervals
0.5,1,2,3,6,9, and 12 h), 1 mL of external buffer was removed
and an equal volume of PBS solution was refilled. The concentra-
tion of TRYP released from polymeric micelles was quantified by
UV at 251 nm.

As PEG is a large molecule and unfavorable for the chro-

matography, to investigate fracture behavior of hydrazone bond

and drug release of TRYP-PEG, the structural change of
TRYP-NNHCH,CH,OH under acidic conditions instead was stud-
ied.

In brief, 0.5 mg of TRYP-NNHCH,CH,OH was dissolved in
4 mL of acetic acid solution (pH 5.5) for 30 min. The samples,
TRYP, TRYP-NNHCH,CH,OH, and TRYP-NNHCH,CH,OH in
acetum, were detected by thin layer chromatography (TLC), and
the developing solvent used was ethyl acetate-petroleum ether (50:
50, v/v).

High performance liquid chromatography (HPLC) was used
to detect the three samples further. Chromatographic separation
was carried out on the Agilent 1260 Infinity LC system (Agilent,
Germany). Assay was conducted using a C18 column (200 mm %
4.5 mm, 5 pm particle size) under isocratic elution with acetoni-
trile-water (47:53, v/v). The flow rate was 0.8 mL/min and the in-
jection volume was 10 pL. The detection wavelength was 251 nm
and the column temperature was maintained at 25 C.

1.7 Determination of solubility

The solubility of PTMs was measured according to the
method of general rules of Chinese Pharmacopoeia (2015). The
PTMs was freeze dried before the experiment. To 1.0 g of PTMs,
an appropriate amount of PBS (pH 7.4) was added at 25 'C and
shaken for 30 s. Then, PBS was added dropwise until no insoluble
substance could be observed, and then the volume of PBS was
measured and solubility was calculated.

1.8 Particle size of PTMs

The particle size distribution of the micelles was evaluated by
dynamic light scattering (DLS) using the Delsa™ Nano C Particle
analyzer (BECKMAN Coulter Instruments, USA). The morpholo-
gy of polymeric micelles was observed using a transmission elec-
tron microscope (TEM, JEM-1230, Japan).

1.9 Critical micellar concentration determination

The critical micelle concentration (CMC) was estimated by
fluorescence probe method?. Pyrene (10.0 mg) was dissolved in
25 mL of acetone (1% 10° mol/L). The micelle samples were dis-
persed in PBS (pH 7.4) at a concentration range of 1-10 pg/mL.
Then, 20 pL of pyrene solution was evaporated in dark to remove
the solvent, and 2 mL of polymer solutions of different concentra-
tions was added. The mixed solutions were ultrasonically shaken
for 1 min. After 12 h, the fluorescence values were measured. The
excitation wavelengths were set at 335 nm. The fluorescent inten-
sity at 373 and 384 nm were measured and the ratio of them was
calculated. The CMC of micelles was determined from the inflec-
tion points in the fluorescent intensity ratios versu micelles con-
centration curves.

1.10 Tumor cell line and cell culture

Human breast tumor cell line MCF-7 was cultivated in
DMEM supplemented with 10% fetal calf serum and 1% antibi-
otics in a humidified 5% CO,/95% air atmosphere at 37 C.
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1.11 In vitro cytotoxicity test

The in vitro cytotoxicity of TRYP and PTMs was investigated
using the Cell Counting Kit-8 (CCK-8) assay. The cells were seed-
ed into 96-well culture plates at a density of 5x 10* cells per well
and incubated for 24 h. Then, the corresponding culture medium
was replaced by 200 wL of DMEM medium containing TRYP and
PTMs at different concentrations under different pH (7.4 and 5.5).
After incubating for another 48 h, 10 pL of CCK-8 solution was
added to each well of the plate and the cells were incubated for 2 h.
Cell viability was determined by scanning using the Bio-Rad 680
microplate reader at 450 nm.
1.12 Statistical analysis

The results are presented as mean + standard deviation of at
least three repetitive experiments for all the treatment groups. Sta-
tistical analysis was conducted using the one-way ANOVA with
Student's t-test using a SPSS 23.0 program; P<0.05 indicated sig-

nificant difference.

2 Results

2.1 Characterization of TRYP—PEG

The synthetic route of TRYP-PEG is illustrated in Fig. 2A.
Hydrophilic flexible chain (polyethylene glycol) was introduced
into TRYP by pH-sensitive hydrazone bond. Pegylated TRYP was
obtained by a two-step reaction. Firstly, TRYP was modified by
2-hydroxyethyl hydrazine and the pH-sensitive hydrazone bond
was introduced at C6 of TRYP. Therefore, the intermediate prod-
uct TRYP-NNHCH,CH,OH was obtained. Then, TRYP-PEG was
obtained by esterification between the carboxyl groups of PEG and
hydroxy groups of TRYP-NNHCH,CH,OH. The excess mPEG
was removed by molecular imprinting.

The chemical structure of TRYP-PEG was characterized by
1H-NMR and FTIR. As shown in Fig. 2B, the characteristic peak
of both TRYP (3 7.4-8.4 ppm) and PEG (8 3.6 ppm) was ob-
served, which proved that PEG was conjugated to TRYP success-
fully ®. As shown in Fig. 2C, the IR spectrum of TRYP-PEG pre-
sented new absorption peaks at 1095 cm™ (C-O-C stretching vibra-
tion) and 1778 cm™ (C=O0 stretching vibration). The appearance of
characteristic peaks of PEG and ester group verified the successful
synthesis of TRYP-PEG.
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Fig. 2 Synthetic route (A), IH-NMR (B, 400 MHz, D20 ) and FTIR (C) of TRYP-PEG

2.2 Selectivity of imprinted polymer

The adsorption capacity of PMIPs to mPEG-COOH and
TRYP-PEG was evaluated by UV-vis spectrophotometry. The ad-
sorption rates of PMIPs to mPEG-COOH and TRYP-PEG were

520.2 and 7.3 mg/g, respectively. The adsorbability of PMIPs to
mPEG-COOH was 71 times higher than that of TRYP-PEG, show-
ing that through molecular imprinting, mPEG-COOH could be ab-
sorbed by PMIPs efficiently, which indicated that relatively pure



DREYESSHE  biomed.cnjournals.com Progress in Modern Biomedicine Vol21 NO.4 FEB.2021

- 605 -

TRYP-PEG could be obtained.
2.3 Drug-release study

The release of TRYP from PTMs was measured to confirm
the pH sensitivity of drug release. The in vitro TRYP-release
amount was investigated at different pH (pH 7.4 and 5.5). As
shown in Fig. 3A, the release of TRYP was negligible at pH 7.4
with an accumulative release profile of 25% in 12 h, indicating
that the hydrazone bond was relatively stable under physiological
conditions. However, as the pH decreased from 7.4 to 5.5, there
was an increase in the release of TRYP and approximately 95% of
TRYP was released in 12 h. The pH of lysosome is below 5.5 and
the value is lower in tumor sites ). It was obvious that the release
of TRYP was pH dependent, and the drug was released rapidly

and completely under acidic conditions, which will enable the ap-
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plication of the drug against tumor.

TRYP-NNHCH,CH,OH was stable in PBS (pH 7.4). However,
in acidic solution, hydrazone bond was cracked and TRYP was re-
leased. As shown in Fig. 3B, after incubation with acetum for 30
min, the spot of TRYP-NNHCH,CH,0OH disappeared, whereas a
new spot was observed in the TLC plate, and its retardation factor
(Rf=0.684) was the same as that of TRYP.

HPLC was used to further analyze the substance. Peaks of
TRYP (tR=11.393 min) and TRYP-NNHCH,CH,OH (tR=15.859
min) were observed in the spectra presented in Fig. 3C and 3D, re-
spectively. As shown in Fig. 3E, after incubation with acetum for
30 min, a peak of TRYP (tR=11.344 min) appeared, which indi-
cated the disruption of hydrazone bond and release of TRYP.

Drug loading content of PTMs was 11.32+ 1.43%.

tacrrypy=11.393 min

- 50 mi
f LR(TRY P-NNHCH2CH2OH) 15-?)'“‘"

H trerrypy=11.344 min

A W 4"»;,
i

& 3 PTMs ZEARRE pH T &R 2t ZE0=3)(A), TRYP, TRYP-NNHCH,CH,0H #1 TRYP-NNHCH,CH,OH 7EE&E h{Ef 30 min BIfRES=
WHEE @i(B), TRYP (C),TRYP-NNHCH,CH,OH (D), IX % TRYP-NNHCH,CH,OH 7EB§E. s {EF 30 min MBS =) S A il
Fig. 3 Accumulative release profiles of TRYP from PTMs in different pH (n=3) (A). TLC of TRYP, TRYP-NNHCH,CH,OH, and TRYP-NNHCH,CH,OH
in acetum (B). HPLC of TRYP (C), TRYP-NNHCH,CH,OH (D), and separated product of TRYP-NNHCH,CH,OH in acetum for 30 min (E).

2.4 Solubility in aqueous solution

The solubility of TRYP in PTMs was 8.065 mmol/L, which
was around 1493-fold higher than that of TRYP (5.4 pmol/mL in
aqueous solution), indicating the strong solubilizing ability of
PEG. The application of TRYP has been studied more and more,
however, there is only little research on improving its solubility ®°.
Our study provided a relatively simple but effective way to im-
prove the solubility of TRYP.
2.5 Particle size and CMC of PTMs

The PTMs were prepared using the dialysis method, with a
particle size of 228.8 nm and PDI of 0.1 (Fig. 4A). The morphology
of PTMs was examined by TEM. As shown in Fig. 4B, the mi-

celles were spherical with an average diameter of 50 nm, which
was considerably smaller than the particle size measured by DLS.
It was probably because the DLS analysis provided dynamic diam-
eter in aqueous solution, which was larger than the size of dried
particles. The CMC of PTMs was 3.5% 107 mol/L (Fig. 4C). The
low CMC indicated the high stability of prepared micelles and fa-
cilitated further use.
2.6 Cytotoxicity test

In vitro cytotoxicity of TRYP and PTMs against MCF-7 cells
was studied using the CCK-8 assay. Fig. 5 shows the viability of
MCF-7 cells incubated with different concentrations of TRYP or
PTMs for 48 h. The pH of 7.4 and 5.5 was selected to simulate the
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normal physiological condition and tumor site acidic condition, re-
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Fig. 4 Particle size and distribution of PTMs (A), TEM of PTMs (B) and CMC of PTMs (C)

As shown, both drug and PTMs showed concentration-depen-
dent toxicity. The viability of MCF-7 cells decreased with the in-
crease in the concentration of TRYP or PTMs. The viability of
PTM-treated cells was higher than that of TRYP-treated cells at
pH 7.4 (P<0.05), which indicated that the cytotoxicity of PTMs
was reduced compared with that of TRYP under normal physio-
logical conditions. This may be due to the stability of TRYP when
prepared as micelles. The PTMs exhibited the same cytotoxicity at
pH 5.5, which indicated that PTMs had activity comparable to that
of TRYP under acidic conditions.

Combined with previous study results, that is, the TRYP-re-
lease rate from micelles was higher under acidic conditions and
the pH of tumor microenvironment is significantly higher than that

of normal tissues, the PTMs have potential use as an antitumor a-

gent.
B TRYP (pH 7.4)
E PTM (pH 7.4)
. B TRYP (pH 5.5)
= EE PTM (pH 5.5)
2
-
3
3]

Concentration (uM)
B 5 TRYP #1 PTMs Xt MCF-7 BB i ZHBa 2514 ( *P<0.05)
Fig. 5 Cytotoxicity of TRYP and PTMs on MCF-7 cells (* P<0.05)

Herein, micellar tryptanthrin was prepared. The solubility of
TRYP in PTMs was increased by 1493 fold compared with that of
TRYP, respectively, making it possible for effective use. Besides,
the micelles had relatively low CMC, which indicated the high sta-

bility of prepared micelles and was beneficial to the application of

TRYP in vivo. The drug release from PTMs was pH dependent.
The complex exhibited stability under physiological conditions
and the drug-release rate was extremely low; however, TRYP was
almost completely released within 12 h at lower pH 5.5, which
was propitious for drug release, and exerted the pharmacological
action under acidic condition. Moreover, compared with the parent
drug TRYP, the cytotoxicity of PTMs decreased at pH 7.4, which
indicated that the cytotoxicity of PTMs was reduced under normal
physiological conditions. However, the PTMs showed comparable
cytotoxicity due to the dissociated TRYP at tumor intracellular pH
5.5. It indicated that pegylated tryptanthrin not only improved wa-
ter solubility of TRYP effectively but also could be a promising tu-
mor targeting prodrug.

So, the preparation of micellar TRYP as nanomicelles im-
proved the solubility of TRYP, which lays a foundation for further
improvement in its bioavailability and application of anti-tumor.

References
[1] Kaur R., Manjal S.K., Rawal R.K., et al. Recent synthetic and medici-
nal perspectives of tryptanthrin [J]. Bioorg Med Chem, 2017, 25(17):
4533-4552
[2] Pedras M.S.C., Abdoli A., To Q.H., et al. Ecological Roles of Tryptan-
thrin, Indirubin and N-Formylanthranilic Acid in Isatis indigotica:

Phytoalexins or Phytoanticipins? [J]. Chem Biodivers, 2019, 16 (3):

€1800579
[3] Yang C., He B., Zheng Q., et al. Nano-encapsulated tryptan thrin

derivative for combined anticancer therapy via inhibiting indoleamine

2,3-dioxygenase and cell death [J].

Nanomedicine, 2019, 14(18): 2423-2440
[4] Olson J.A., Terryn RJ., 3rd, Stewart E.L., et al. New insight into the

inducing immunogenic

action of tryptanthrins against Plasmodium falciparum: Pharma-
cophore identification via a novel submolecular QSAR descriptor[J].

J Mol Graph Model, 2018, 80: 138-146



DREYESSHE  biomed.cnjournals.com Progress in Modern Biomedicine Vol21 NO.4 FEB.2021

- 607 -

[5] Han N.R., Moon P.D., Kim HM., et al. Tryptanthrin amelio rates
atopic dermatitis through down-regulation of TSLP[J]. Arch Biochem
Biophy, 2014, 542: 14-20

[6] Shankar G.M., Alex V.V., Nisthul A.A., et al. Pre-clinical evidences
for the efficacy of tryptanthrin as a potent suppressor of skin cancer
[J]. Cell Prolif, 2019, 12710

[7] Miao S., Shi X., Zhang H., et al. Proliferation-attenuating and apopto-
sis-inducing effects of tryptanthrin on human chronic myeloid
leukemia K562 cell line in vitro [J]. Int J Mol Sci, 2011, 12 (6):
3831-3845

[8] Lipinski C.A. Drug-like properties and the causes of poor solubility
and poor permeability[J]. J Pharmacol Toxicol Methods, 2000, 44(1):
235-249

[9] Daeihamed M., Dadashzadeh S., Haeri A., et al. Potential of Lipo-
somes for Enhancement of Oral Drug Absorption[J]. Curr Drug Deliv,
2017, 14(2): 289-303

[10] Upponi J.R., Jerajani K., Nagesha D.K., et al. Polymeric micelles:
Theranostic co-delivery system for poorly water-soluble drugs and
contrast agents[J]. Biomaterials, 2018, 170: 26-36

[11] Bilia A.R., Piazzini V., Risaliti L., et al. Nanocarriers: A Successful
Tool to Increase Solubility, Stability and Optimise Bioefficacy of Nat-
ural Constituents[J]. Curr Med Chem, 2019, 26(24): 4631-4656

[12] Hwang J.M., Oh T., Kaneko T., et al. Design, synthesis, and struc-
ture-activity relationship studies of tryptanthrins as antitubercular a-
gents[J]. J Nat Prod, 2013, 76(3): 354-367

[13] Yu G., Ning Q., Mo Z., et al. Intelligent polymeric micelles for mul-
tidrug co-delivery and cancer therapy [J]. Artif Cells Nanomed
Biotechnol, 2019, 47(1): 1476-1487

[14] Liu Z., Wang Y., Zhang N. Micelle-like nanoassemblies based on
polymer-drug conjugates as an emerging platform for drug delivery
[J]. Expert Opin Drug Deliv, 2012, 9(7): 805-822

[15] Ling L., Ismail M., Du Y., et al. High Drug Loading, Re versible
Disulfide Core-Cross-Linked Multifunctional Micelles for Triggered
Release of Camptothecin[J]. Mol Pharm, 2018, 15(12): 5479-5492

[16] Shang Y., Zheng N., Wang Z. Tetraphenylsilane-Cored Star-Shaped
Polymer Micelles with pH/Redox Dual Response and Active Target-
ing Function for Drug-Controlled Release [J]. Biomacromolecules,
2019, 20(12): 4602-4610

[17] Chen L., Zang F., Wu H., et al. Using PEGylated magnetic nanoparti-
cles to describe the EPR effect in tumor for predicting therapeutic ef-

ficacy of micelle drugs[J]. Nanoscale, 2018, 10(4): 1788-1797

[18] Ojha T., Pathak V., Shi Y., et al. Pharmacological and physical vessel
modulation strategies to improve EPR-mediated drug targeting to tu-
mors[J]. Adv Drug Deliv Rev, 2017, 119: 44-60

[19] Kesharwani S.S., Kaur S., Tummala H., et al. Multifunctional ap-
proaches utilizing polymeric micelles to circumvent multidrug resis-
tant tumors[J]. Colloids Surf B Biointerfaces, 2019, 173: 581-590

[20] Oda C.M.R., Fernandes R.S., de Araujo Lopes S.C., et al. Synthesis,
characterization and radiolabeling of polymeric nano-micelles as a
platform for tumor delivering [J]. Biomed Pharmacother, 2017, 89:
268-275

[21] Arpicco S., Stella B., Schiavon O., et al. Preparation and characteriza-
tion of novel poly (ethylene glycol) paclitaxel derivatives [J]. Int J
Pharm, 2013, 454(2): 653-659

[22] D'Souza A A., Shegokar R. Polyethylene glycol (PEG): a versatile
polymer for pharmaceutical applications[J]. Expert Opin Drug Deliv,
2016, 13(9): 1257-1275

[23] Fiorentini G., Carandina R., Sarti D., et al. Polyethylene glycol mi-
crospheres loaded with irinotecan for arterially directed embolic ther-
apy of metastatic liver cancer[J]. World J Gastrointest Oncol, 2017, 9
(9): 379-384

[24] Chen L., Wang X., Lu W, et al. Molecular imprinting: perspectives
and applications[J]. Chem Soc Rev, 2016, 45(8): 2137-2211

[25] Thongchai W., Fukngoen P. Synthesis of curcuminoid-imprinted
polymers applied to the solid-phase extraction of curcuminoids from
turmeric samples[J]. J Pharm Anal, 2018, 8(1): 60-68

[26] Ansari S., Karimi M. Recent configurations and progressive uses of
magnetic molecularly imprinted polymers for drug analysis[J]. Talanta,
2017, 167: 470-485

[27] Santos A.P., Panagiotopoulos A.Z. Determination of the critical mi-
celle concentration in simulations of surfactant systems [J]. J Chem
Phys, 2016, 144(4): 044709

[28] Liang Y., Wang X., Fang H., et al. A Highly Selective and Sensitive
Colorimetric Probe for Cu (2+) Determination in Aqueous Media
Based on Derivative of Tryptanthrin [J]. Anal Sci, 2018, 34 (10):
I111-1115

[29] Perera R.M., Zoncu R. The Lysosome as a Regulatory Hub [J]. Ann
Rev Cell Dev Biol, 2016, 32: 223-253

[30] Fang Y.P., Lin Y.K., Su Y.H,, et al. Tryptanthrin-loaded nanoparti-
cles for delivery into cultured human breast cancer cells, MCF7: the
effects of solid lipid/liquid lipid ratios in the inner core [J]. Chem
Pharm Bull, 2011, 59(2): 266-271



- 608 - MREYESHE  biomed.cnjournalscom Progress in Modern Biomedicine Vol21 NO.4 FEB.2021

AL ity il ey Be #AIE *

woOoRkt Ok AT KAE A OB OF 4
(BEREERRYHERAGNS0HE = H % 710032)

BT BR: 83 R &R KRG IR, 3 E R SR, ik — RS L AWARE, TR ABREA R EER LB e
EReER, B EAT R R OB E RS — T &R R RS SRR EN AR R BE S A, R E A S B R R
T 4o dl it 38 5 EARAT ) IR R G e R RO M IR AE R B pH T a9 25 B SL(pHS.5 Aw 7.4), R R H B &k kA
HORAR G R R IR WT AT A, i CCK-8 sk b4 A 2 pH fedi it pH T, G R LB E BRI R (PTMs)sf
MCF-7 e thshdm i bk 5 R 5 & R B AR , PTMs 695 R E 4R 3 T 1493 12 #4091k 4542 4 228.8 nm,PDI % 0.1, B 5%
A 5 PTMs #91s F R R A 3.5% 107 mol/L, BAk 49 CMC A& B ) & 69 X RAS MW 3 48 Tt — 18 A Ae bl T B
TFTARAWA, A pHS5.5 T,12h R 95%8) EREAMIE R P B, mAE A3 pH T(pH 7.4), B8 AARLEHT KR H
o AR T G RRER , BLA IR AL &R BA T AR M B B R R AT ik T — R 0948 M, M2 pH 5.5 B, &Rl R 5 &
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