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Abstract Tripterygium wilfordii Hook F, a tradi-
tional medicine in China has bioactive but toxic trip-
tolide (TP, a diterpenoid triepoxide) as its main active
constituents. The applications of TP are hampered
by its prominent toxicity and low solubility in water.
In this study, a safe pH-sensitive material [methoxy
polyethylene glycol (mPEG)- adipic dihydrazide
(ADH)] was synthesized and loaded with TP to form
pH-sensitive polymeric micelles, thereby improving
the safety and solubility of TP, as well as providing
a theoretical basis for the wide application of TP.
The mPEG-ADH/TP micelles were characterized by
a series of indicators [namely entrapment efficiency
(EE), critical micellar concentration (CMC), electro-
kinetic potential, stability, polydispersed index (PDI),
and particle size]. Also, we ascertained the in vitro
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release of TP from mPEG-ADH/TP micelles along
with pharmacokinetic investigations in vivo. Besides,
we evaluated the cytotoxicity of mPEG-ADH/TP
micelles against A549 cells, HCT116 cells, and
HaCat cells and further conducted in vivo toxicity
studies in rats. The TP-loaded mPEG-ADH micelles
had smaller sized particles (48.3 nm), excellent PDI
(0.142), stable property and higher EE (89.87%).
Importantly, the TP in the mPEG-ADH/TP micelles
was almost completely released at acidic pH (pH 5.0),
while the drug was released slowly and sparingly at
physiological pH (pH 7.4). The results suggest the
release of TP from mPEG-ADH/TP micelles was
sensitive to pH, which could facilitate targeting of
the drug into intra-cellularly low pH endosomes and
lysosomes as well as enhance cytotoxicity in cancer
tissues. Moreover, mPEG-ADH/TP micelles exhib-
ited excellent proliferation inhibition on tumor cells.
In addition, the liver injury of rats in the 1 mg/kg
dose of mPEG-ADH/TP micelles group was signifi-
cantly reduced by Hematoxylin—eosin (HE) staining.
Taken together, mPEG-ADH/TP micelles could act
as a promising alternative to enhance the efficacy of
oncologic treatments.

Keywords Triptolide - mPEG-ADH - pH-sensitive -
Micelles - Anti-tumor - Nanobiomedicine
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Introduction

Tripterygium wilfordii Hook F (TWHF), also known
as Lei Gong Teng, is a traditional Chinese herb that
has been widely used for centuries in China [1]. Sev-
eral types of bioactive substances such as alkaloids,
diterpenes [triptolide (TP), triptonide and tripdiolide],
glycosides, lignans, sesquiterpenes, and triterpenes
(wilforlide A, pristimerin and celastrol) have been
isolated and identified from TWHF [2, 3]. In particu-
lar, the most active constituent of TWHF with poten-
tial applications is TP. Hence, numerous pre-clinical
and clinical works have shown the pharmacological
potentials of TP. Notable among them include anti-
inflammation, immunosuppression [4] (particularly
during prolonged graft survival from organ transplan-
tation), and anti-tumor (e.g. cancers of the pancreas
[5], lung [6], osteogenic sarcoma [7], and lymphatic
system [8]). Apart from inhibiting the growth of
tumors and metastasis along with directly inducing
the death of cancerous cells, TP also increases the
anti-tumor activity of chemotherapeutic and cytotoxic
drugs. Despite the multiple pharmacological activi-
ties offered, clinical use of TP remains limited due
to its systemic toxicity [9], narrow therapeutic win-
dows, and poor solubility [10]. Therefore, scientists
have made an attempt to minimize adverse effects
and increase the therapeutic index of TP in cancer
treatment. In this regard, some nano-carriers of TP
have been developed, namely, nanoparticles targeting
CD44 [11] and HER2 [12], chlorin e6-supra-molec-
ular nanosystem [13], self-micellar solid dispersion
[14], PEGylated and casein self-assembled nanoparti-
cles [15, 16], and exosomes [17]. In spite of the pros-
pects of the abovementioned nanosystems in the clin-
ical applications of TP, the ultimate aim of decreasing
the systemic toxicities and increasing bioavailability
of the drug in cancer tissues has still not been com-
pletely achieved. Thus, other alternative nano-prepa-
rations are needed for the abovementioned purposes.
In chemotherapy, scientists have broadly utilized
various types of nanoparticles as systems of drug
delivery, namely polymeric micelles, dendritic poly-
mers, inorganic molecules, and liposomes [18]. Sci-
entists have developed much interest in polymeric
micelles, inter alia, and other nano-platforms in tumor
treatment. Of note, some of these micellar systems
have undergone clinical studies [19]. In aqueous
surroundings, spherically core—shell structures like
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micelles are formed via self-assembling of amphiphi-
lic copolymers. Usually, lipophilic drugs are incor-
porated into hydrophobic core of the micelle, while
stability and prolongation of drug circulation time
in blood are provided by a micellar hydrophilic shell
[20, 21]. The micellar platforms are biocompatible
and have the potential to entrap all-inclusive drugs
with the ability to accumulate preferentially in cancer
tissues through enhanced permeability-and-retention
(EPR) effects [22].

Despite these advantages of conventional poly-
meric micelles, their drug release is slow and incom-
plete, thereby resulting in insufficient concentrations
to cause death of cancer tissues. Additionally, drugs
can be released prematurely which may cause harm-
ful effects [23]. In recent times, micelles that are sen-
sitive to stimuli have been widely developed in the
pursuit of better therapeutic efficacy and reduced tox-
icity [24-26]. The advantages of stimuli-responsive
micelles include superior stability, improved tumor
accumulation, desirable endocytosis, and better drug-
release capabilities [27, 28]. In cancer treatment,
sustained drug release systems like micelles that are
sensitive to pH have shown great potential among the
entire stimuli-sensitive micellar platforms. At physi-
ological pH, micelles that are sensitive to pH remain
stable but at acidic pH, they become structurally
unstable. Since there is a difference between the pH
of healthy tissue (pH 7.4) and that of the intra-cellular
surroundings of cancer tissues (pH 6.5), particularly
in lysosomes and endosomes (pH 4.5-5.5), where
pH-sensitive micelles can release encapsulated drugs
at specific tumor sites [23].

Herein, a pH-sensitive material [methoxy polyeth-
ylene glycol (mPEG)- adipic dihydrazide (ADH)] was
synthesized and its safety was investigated. After-
wards, the TP-loaded mPEG-ADH micelles (mPEG-
ADH/TP micelles) were prepared and characterized
by a series of indicators [namely entrapment effi-
ciency (EE), critical micellar concentration (CMC),
electrokinetic potential, stability, polydispersed index
(PDI), and micellar size of particles]. To assess the
stability of the micelles, we evaluated the physico-
chemical features for 30 days. Subsequently, we car-
ried out in vitro drug release and pharmacokinetic
studies of the mPEG-ADH/TP micelles, while 3-(4,
5-dimethyl-thiazol-2-yl)-2,  5-diphenyl-tetra-zolium
bromide (MTT) and flow apoptotic assays were
employed to evaluate the cytotoxicity of mPEG-ADH/
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TP micelles against A549 cells. Putatively, mPEG-
ADH/TP micelles could serve as a targeted treatment
option for cancer.

Materials and methods
Materials

The TP was acquired from Macklin (Shanghai, China).
ADH, methoxy polyethylene glycol carboxyl (mPEG-
COOH, MW5000), 1-(3-Dimethylaminopropyl)-3-ethyl-
carbodiimide hydrochloride (EDC), 1-Hydroxybenzo-
triazole (HOBt), and triethylamine (Et;N) were purchased
from Aladdin (Shanghai, China). Dimethylsulfoxide
(DMSO) and dichloromethane (DCM) were obtained from
TEDIA (OH, USA). All other chemicals were of analyti-
cal grade. Thermo Fisher Scientific (NH, USA) supplied
RPMI-1640 medium, Hematoxylin—eosin (HE) staining
kit, and Dulbecco-Modified Eagle medium (DMEM).

Synthesis of mPEG-ADH

The ADH (70 mg, 0.4 mmol) was dissolved in
DMSO (5 ml), while the reaction was stirred under
the protection of N, for 1 h until the product changed
from a transparent solid to turbidity. Later on, we dis-
solved mPEG-COOH (200 mg, 0.04 mmol) in DCM,
EDC (9.2 mg, 0.048 mmol), and HOBt (6.4 mg,
0.048 mmol), while Et;N (22 pL, 0.16 mmol) was
gradually added to activate the carboxylic acid via
stirring for 4 h under N,. The mixture was then added
in dropwise fashion to the ADH solution using a
syringe for 1 day followed by DCM removal. After
the reaction, the mixture was transferred into a dial-
ysis membrane and dialyzed against distilled water
for 2 days, wherein the mPEG-ADH was obtained
through rotavap (80 °C, 100 rpm). The chemical
structure of mPEG-COOH and mPEG-ADH were
confirmed using 'H NMR spectrum in CDCl, or
DMSO-dg.

Safety assessment of mPEG-ADH

The MTT assay was employed to ascertain in vitro
cytotoxicity of mPEG-ADH with murine kidney
podocytes (MPC-5). Briefly, MPC-5 cells were
seeded in 96-well plates (1x10* cells/well) before
24 h of incubation at 37 °C in atmospheric 5%-CO,

before treatment. Later, we exposed the cells to a
series of concentrations (5, 10, 25, 50, 100, 250, 500,
and 1000 pg/ml) of mPEG-ADH for 48 h. After incu-
bation, we added DMSO (100 pl) to the cells prior to
10 min of incubation under the same aforementioned
conditions. The absorbance was measured by an auto-
matic microplate reader (Bio-Tek, USA) at 490 nm.
The following equation was employed to calculate
the viability of cells: cell viability (%)=ODsample /
ODcontrol X 100%.

Establishment of high-performance liquid
chromatography (HPLC) analysis method

In vitro TP concentration was measured with the
HPLC system comprised of a CTO-20A UV differ-
ential detector, a CTO-20AC column oven, a LC-
20AC quaternary pump, and a SIL-20AC automatic
sampler (Shimadzu-Japan) on a reverse ODS-C18
column (5 um, 4.6x150 mm; Waters-USA). We
performed the separation chromatographically at a
1.0 ml/min flow rate under the condition of 219 nm
detection wavelength and 30 °C column temperature.
The mobile phase was acetonitrile/0.1% phosphoric
acid—water solution (55/45, v/v), while the sample
injection volume was 20 pL. The standard curve of TP
was Y=32.798x C+45.976 (liner range, 1-100 ng/
mL; R2=0.9993), wherein Y denoted peak areas and
C depicted concentration of TP. Also, in vivo TP con-
centration was also determined as mentioned above. Of
note, we chose the internal standard (IS) to be diosme-
tin (10 pg/mL). Through the HPLC system, we sepa-
rated peaks of TP and IS in plasma successfully with
no endogenous molecules interfering the process.

Preparation of mPEG-ADH/TP micelles

The TP-loaded mPEG-ADH micelles were prepared
using a thin-film dispersion method [29]. Later, we
transferred the TP and mPEG-ADH in methanol to
a boiling flask before ultrasonication at 30 kHz for
30 min to ensure complete dissolution to obtain a
mixed solution. In order to obtain a thin film, we
removed the organic solvent with rotavap (45 °C,
60 rpm/min). Afterwards, we hydrated the film with
sterile water and vortexed the solution for 30 min
at 37 °C to form mPEG-ADH/TP micelles. The
optimization of mPEG-ADH/TP micelles was con-
ducted by adjusting the ratios of mPEG-ADH and
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TP (15:1, 12:1, 10:1, 8:1, 6:1, 4:1). The particle
sizes, PDI, and EE were selected as evaluation indi-
cators of the optimized formulation.

Characterization of mPEG-ADH/TP micelles

Particle size/electrokinetic potential analyzer (90Plus
PALS, Brookhaven, USA) was utilized to determine
micellar particle size, electrokinetic potential, and PDI
using the dynamic light scattering technique. The mor-
phology of micelles was observed using a transmission
electron microscopy (TEM, JEM-2100, Electronics Cor-
poration, Japan). The samples for morphological obser-
vation with TEM were prepared as follows; we dispersed
aliquot of micelles onto a copper-grid before air dried at
ambient temperature. Later, we stained the samples with
a solution (2%) of phosphotungstate. After the appropriate
drying process, we placed the copper-grid under TEM for
morphological observation.

The EE (%) was measured by Sephadex gel chro-
matography. The column was filled with 50 g of dex-
tran gel G-50. Next, the micelles (1 mg/mL) were
added to the chromatographic column and eluted with
purified water. An eluted portion of purified water
was collected every 10 ml for HPLC analysis and the
amount of encapsulated TP was calculated. When
TP was not detected in the eluted portion of purified
water, 0.2% NaCl solution was added and the eluted
portion was taken as the unencapsulated TP. The EE
(%) was calculated as follows: EE (%)= (the quantity
of TP encapsulated in micelles)/ (the quantity of ini-
tial amount of TP) x 100%.

Stability of mPEG-ADH/TP micelles

The stability of mPEG-ADH/TP micelles was eval-
uated at 4 °C and 25 °C for 30 days, wherein the
micelles were prepared as described earlier in this
report and stored in an airtight glass vial without
hydration [30]. Afterwards, the particle sizes, PDI
and EE were measured on days 1, 15, and 30.

Measurement of CMC
A fluorescent probe (pyrene) was used to estimate the

CMC value of mPEG-ADH/TP micelles via the spectro-
fluorimetric technique as described in previous work [30].

@ Springer

In brief, 40 pL pyrene stock solution (0.06 mol/L in tet-
rahydrofuran) was added to each 10 mL brown tube and
placed in an open fume hood for 12 h to evaporate the
organic solvent. To attain the final concentration of pyrene
(0.0006 mol/L), we added the micellar solution at different
concentrations (1, 2.5, 5, 10, 20, 50, 100, 200, and 400 pg/
mL) into each tube. Afterwards, we carried out 30 min of
ultrasonication of the tubes before keeping them for 12 h
at ambient temperature. The fluorescent spectrophotomet-
ric technique was utilized to measure fluorescent intensity
with an excitation wavelength of 338 nm and emission
spectrum ranging 300 to 500 nm. Later, we recorded the
intensity ratio [(373 nm (I3,3)/383 nm (I443)] prior to the
analysis and computation of CMC.

pH-sensitive detection

The mPEG-ADH/TP micelles were diluted to about
200 pg/mL with a buffer solution of pH 5.0 and
shaken for about 10 min. Later on, we placed aliquot
of the diluted micelles on copper-grid before staining
the samples with solution (2%) phosphotungstate and
ultimately examined and photographed with TEM.

The dialysis method was employed to test the in vitro
release pattern of TP from mPEG-ADH/TP micelles.
Concisely, we filled the dialysis tubing (at molecular
weight-cutoff of 3000 Da) with solutions (0.5 mg) of TP
and mPEG-ADH/TP micelles. Later on, we completely
tied the bags at both ends and carried out the dialysis in
100 ml of four different media (namely distilled water,
pH 7.0; phosphate-buffered saline, PBS, pH 7.4; PBS,
pH 6.8; PBS, pH 5.0) at 37 °C and 100 rpm. At prede-
termined time intervals (0.083, 0.25, 0.5, 1, 2, 4, 6, 8,
12, 24, and 48 h), we sampled aliquot (1 ml, each) of the
above media and replenished appropriately with freshly
prepared medium at equal volume. Samples were centri-
fuged at 10,000 rpm for 10 min, followed by analysis with
HPLC. The cumulative release of TP that was loaded
into micelles was calculated as ratio to total TP with the
following equations: the camulative release % = (cumula-
tive amount of TP in the release medium) / (total amount
of TP in mPEG-ADH/TP micelles) x 100%.

Cellular uptake study

The uptake of mPEG-ADH/TP micelles by human
lung adenocarcinoma cells (A549) was carried out
as described elsewhere with some modifications [31,
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32]. The cells were cultured in a DMEM growth
medium that comprised of streptomycin (100 mg/
mL), fetal-bovine serum (FBS, 10%, v/v), and peni-
cillin (100 IU/mL). Culturing of the cells was carried
out under the same conditions described in the above
section (safety assessment of mPEG-ADH). FITC
was used instead of TP, wherein it was loaded into
micelles through the preparation method described
above. Later, we added mPEG-ADH/FITC micelles
to the cells before incubation for 1, 2, 4, 8, 12,
and 24 h. Subsequently, the cells were fixed with
4% paraformaldehyde for 20 min. After that, we
washed the cells four times with pH 7.4 PBS. Next,
nuclear staining was completed with DAPI, while
the cells were incubated at 37 °C for 20 min. Anti-
fluorescence burst sealing solution was dropped onto
the samples using a 1 mL pipette. The cells were
observed with a fluorescence inverted microscope,
wherein green color indicated FITC spectrum, and
DAPI-labelled nuclei was depicted by blue light. A
preliminary investigation of the uptake mechanism of
mPEG-ADH/TP micelles was carried out by preincu-
bating the cells with cytochalasin D (Cyt D, 10 uM,
an inhibitor of endocytosis) before subsequent incu-
bation with of mPEG-ADH/TP micelles for 1, 2,
3, 4,5, 6, 12, and 24 h. Afterwards, we captured
images using a confocal laser scanning microscope
(LSM780 NLO, Zeiss, Germany). We performed the
entire experiments thrice and recorded the measure-
ments in triplicates.

Pharmacokinetics study

Male Sprague-Dawley (SD) rats (weighing 200 +20 g)
were purchased from the laboratory animal research
center of Jiangsu University. Apart from unrestricted
access to water and food, the rats were also kept in
cages that were maintained at appropriate environmen-
tal conditions (30-70% humidity and 25 °C tempera-
ture) with a cycle of 12 h darkness and light.

The SD rats intravenously received the same
doses (1 mg/kg) of TP and mPEG-ADH/TP at their
tails, accordingly. After that, whole blood was har-
vested at 0.083 h, 0.25 h, 0.5 h, 0.75 h, 1 h, 1.5 h,
2h,3h,4h,6h,8h, 10 h, 12 h, and 24 h. Then, the
whole blood was subjected to 10 min of centrifuga-
tion at 3700 rpm to obtain plasma. Afterward, we
diluted plasma (200 pL) containing IS in methanol.

Later on, the samples were detected with the HPLC
system. The peak areas of TP and IS were recorded,
and concentrations of TP were calculated by sub-
stituting into the in vivo standard curve. The BAPP
software (Nanjing, China) was relied on to calculate
the main parameters of pharmacokinetics namely
maximum drug concentrations (drug concentrations
(Cpay)), times of achieving C .. (T,...), half-life of
TP (T,,), mean-residence time (MRT), and area
under the curve of concentration curve in plasma
(AUC,_ ).

In vitro anti-tumor activity
Inhibition rate detection

To evaluate the potential of TP, mPEG-ADH/TP
micelles and mPEG-ADH to inhibit the growth of
A549, HCT116, and HaCat cell lines, we seeded
the cells onto 96 well plates before 24 h of cultur-
ing. Afterwards, we substituted the cultured medium
with FBS-free medium that contained TP, mPEG-
ADH/TP micelles, and mPEG-ADH at a series
of TP concentrations of 0.1, 0.5, 1, 5, 10, 20, and
50 pg/mL for another 48 h. The control was the cells
that were incubated with an FBS-free medium. At
the specified time, we added MTT solution (20 pL)
into the plates. After incubation for 4 h, we added
DMSO (100 pL) before 10 min of incubation. An
automatic microplate reader was utilized to measure
the absorbance at 490 nm.

Apoptotic rate and flow cytometric analysis

Briefly, we incubated the A549 cells for 48 h with
TP and mPEG-ADH/TP micelles (0.1, 0.5, 1, 5,
10, 20, and 50 pg/mL). The treated cells were col-
lected and washed. The addition of the dye was per-
formed under light-avoidance conditions. No dye
was added to the non-stained group, while we added
PI or Annexin V (5 pL) to the single-stained batch,
each (5 uL) of PI and Annexin V was added to the
double-stained batch. After incubation for 15 min at
room temperature and under protection from light,
300 uL of 1xbinding buffer was added and mixed
well, before cell suspensions were transferred to
flow tubes (5 mL). The cells were detected on a flow
cytometer within 1 h. The analysis of profiles was
accomplished with FlowJo software.
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Calculation of median lethal dose (LD50)

Rats were injected with 0.1, 0.2, 0.4, 0.8, 1.0, 1.5, 2.0,
and 4.0 mg/kg of TP (n=10) via tail vein injection,
and the mortality rate was calculated as median lethal
dose median lethal dose (L.D50).

Hematoxylin—eosin (HE) staining

HE pathological sections of the liver of 1.0 and
2.0 mg/kg rats in TP and mPEG-ADH/TP micelles
groups were analyzed. After the rats were killed,
liver tissues were collected, embedded in paraffin,
and made into sections. The tissues were then stained
with hematoxylin and eosin and observed under a
photoelectric microscope. The specific procedure of
the experiment followed the manufacturer’s protocol.

Statistical analysis

Herein, GraphPad prism software was utilized for the
statistical analysis. After we have expressed the data
with mean, standard deviation (SD), and confidence
interval (95%), we applied Student’s z-test to ascer-
tain the difference within the experimented groups.

EiN. EDC, HOB

o H
+ ”\Y\/\)L NH,
/%/\OMOH HN p

’n o DCM, DMSO

Fig. 1 Synthesis of methoxy polyethylene glycol- adipic dihy-
drazide (mPEG-ADH). a mPEG-ADH synthesis roadmap. b
'H NMR spectrum of mPEG-COOH in DMSO-d6. ¢ mPEG-
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Statistically, acceptance of significant differences was
agreed at p <0.05.

Results
Characterization of mPEG-ADH

The synthesis pathway of mPEG-ADH is shown
in Fig. la. The structure of mPEG-COOH, mPEG-
ADH, and ADH were confirmed with 'H NMR
spectrum (Fig. 1b-d). The 'H NMR spectrum of
synthetic product displayed two typical peaks at
1.5 ppm and 2.2 ppm of ADH. The result demon-
strated the mPEG-ADH has been synthesized suc-
cessfully. It could be found in the 'H NMR spectrum
of ADH (Fig. 1d) that ADH has a hydrogen signal
between chemical shifts 1-2, while mPEG-COOH
has no hydrogen signal in this interval, and the prod-
uct ADH-mPEG-COOH also has a hydrogen signal
between chemical shifts 1-2, which fully indicated
that ADH-mPEG-COOH has been prepared.

When we evaluated the cytotoxicity of mPEG-
ADH against MPC-5 cells with MTT assay, we
observed that mPEG-ADH demonstrated negligible
cytotoxicity to MPC-5 cells after 48 h of incubation,

0 0
H "
o /04/\&;\)%" r\\]/\/\)L‘\{ NH,
o

d

ADHAPEG-COOH |

L |/ J‘T-— )
i =

MPEG-COOH

ADH in CDCI3. d.'"H NMR spectrum of ADH-mPEG-COOH,
ADH, and mPEG-COOH in DMSO-d6
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wherein the viability of the cell remained over 85%
until concentration of 500 pg/mL was attained
(Fig. 2). The results indicated a good safety profile
for the pH-sensitive material (mnPEG-ADH).

HPLC analysis

The HPLC chromatogram of TP in vitro is shown
in Fig. 3. The peak of TP was well separated with
a retention time of 4.6 min (Fig. 3a). The HPLC
chromatogram of TP and IS in vivo was shown
in Fig. 3b. Peak shapes of TP and IS were good

7] 10 pg/ml

_50 pg/ml 100 pg/ml

250.pg/ml

25 pg/ml

Fig. 2 Safety profile of methoxy polyethylene glycol- adipic
dihydrazide (mPEG-ADH). a MPC-5 cells statuses after treat-
ment with different concentrations of mPEG-ADH materials

mV

without being interfered by that of endogenic
impureness. Additionally, we observed distinct sep-
aration of the peaks of TP and IS with respective
retention times of 4.6 and 16.5 min. On this basis,
we chose diosmetin as appropriate IS for this study.
Consequently, the established method was feasible
for the detection of TP in vitro and in vivo.

Characterization of mPEG-ADH/TP micelles

The formulation of mPEG-ADH/TP micelles was
investigated by assessing particle size, PDI, and EE.

b

110

Over 85%

Cell Viability %

Sug/ml

10ug/ml  25ug/ml  S0ug/ml 100ug/ml 250ug/m 500ug/ml 1000ug/mi

(Scar bar=50 um). b Cell viability of MPC-5 cells treated
with different concentrations of mPEG-ADH materials

1000 Triptolide

800+

600+

mV

400+

200+

—Tr—TrTrTrTTTrT
10 15

Time (min)

1500
Triptolide
1000
500
T
0 5

1 0 T T T 1
20 0 10

Time (min)

Fig. 3 HPLC analysis in vitro and in vivo. a TP in vitro. b Blank plasma mixed with TP and IS
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As shown in Table 1, the optimal ratio of mPEG-
ADH to TP was 10:1. In the current work, particle
size, electrokinetic potential, PDI, morphology, EE,
and stability were applied to characterize the mPEG-
ADH/TP micelles. Consequently, results of the parti-
cle size distribution and morphology of mPEG-ADH/

Table 1 Three indicators (diameter, polydispersity index-PDI,
entrapment efficiency-EE) for micelles of different ratio of
mPEG-ADH to TP (n=3, mean+ SD)

mPEG- Diameter (nm) PDI EE (%)
ADH: TP

15:1 45.1+1.21 0.138+0.021  65.22+0.23
12:1 41.2+£2.01 0.139+0.014  71.39+0.31
10:1 48.3+1.29 0.142+0.011 89.87+0.26
8:1 65.2+2.39 0.242+0.019  88.38+0.34
6:1 79.2+2.01 0.265+0.027  92.12+0.51
4:1 97.8+2.83 0.271+£0.031  92.51+0.55
Fig. 4 Characterization a. i

of methoxy polyethylene
glycol- adipic dihydrazide/ © [ /

triptolide (mPEG-ADH/TP)
micelles. a The particle size .
distribution of mPEG-ADH/ m ‘ /
TP micelles. b The mor- [
phology (TEM image) of | '
mPEG-ADH/TP micelles.
¢ The intensity ratio (1373/ [ |
1383) of the pyrene emis- f

sion spectra versus the log . | |
concentration of TP [

TP micelles are shown in Fig. 4a and b, while a
detailed stability study is summarized in Table 2.
The mPEG-ADH/TP micelles showed single and
narrow particle size distribution with the mean size
of micellar particles being 48.3+1.29 nm and elec-
trokinetic potential of —28.31+1.28 mV and PDI of
0.142+0.011. The estimated size confirmed that our
preparation was indeed micelles since the diameter
of such microstructure is below 50 nm. Further, TP
was successfully incorporated into the micelles with
a high EE (89.87%). This observation may be attrib-
utable to the possible interaction between the car-
bonyl groups of ADH and TP. To affirm the increased
stability of mPEG-ADH/TP micelles, we carried
out the assessment of micellar storage stableness at
4 °C and 25 °C for 30 days. In this regard, we did
not observed the occurrence of any substantial altera-
tions in EE, PDI, and particle size at days 1, 15, and
30 under the tested condition. Hence, we concluded

10.00 100.00
Diameter (om)

2.09

1373/383
5
1

0.5+

cmMmC

y = 0.3907x + 1.7465 R?=0.9985

y =0.1821x + 1.0774 R? = 0.9897

CMC = 24.72 pg/ml
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Table 2 Stability of methoxy polyethylene glycol- adipic dihydrazide/triptolide (MPEG-ADH/TP) micelles (n =3, mean + SD)

Time 4°C 25 °C

Day 1 Day 15 Day 30 Day 1 Day 15 Day 30
Diameter (nm) 48.18+0.29 48.78 £0.43 49.44 +0.60 48.22+0.30 49.44+0.33 51.15+£0.23
PDI 0.142+0.005 0.143 +£0.006 0.147+£0.005 0.143+0.006 0.147+0.002 0.155+0.004
EE (%) 89.65+0.44 88.55+0.58 87.63+0.46 89.67+0.43 88.50+0.58 86.25+0.48
that mPEG-ADH/TP micelles were stable and could TP release profile

be stored at the tested conditions.
Estimation of CMC

In estimating the value of CMC of micellar solu-
tions, the pyrene method has emerged as one of the
important and sensitive methods. Through plotting of
micellar concentration against fluorescent intensity,
formulation scientists can estimate the CMC value.
Since molecules of pyrene binds to the core of the
micellar structure, it is expected that the fluorescent
intensity will increase when the concentration of the
micelles also increases. Hence, the intersection of two
straight-line curves can be utilized to estimate CMC
value. As shown in Fig. 4c, CMC was found to be
24.72 png/mL, which indicates micelle was formed at
lower concentrations of the materials.

100+

80+

40+

Cumulative release (%)

203

0

TEM image from Fig. 5a showed that TP was
released from micelles after treatment with pH 5.0
buffer solution. The illustration in Fig. 5b depicts
in vitro release trend of unencapsulated TP and
mPEG-ADH/TP micelles (pH 5.0, pH 6.8, pH 7.0,
and pH 7.4). In comparison to unencapsulated TP,
mPEG-ADH/TP micelles exhibited a rapid release
profile. Within 24 h, we discovered that the release of
TP from mPEG-ADH/TP micelles was nearly 100%
at acidic pH (pH 5.0), which is the closest pH to lys-
osomes and endosomes of tumor sites. However, the
cumulative release of unencapsulated TP through the
dialysis bag at pH 5.0 was up to 50% at 24 h. At other
pH values (pH 6.8, pH 7.0, and pH 7.4), neither free
TP nor mPEG-ADH/TP micelles fully released the
drug. The observed trend may imply sustained release

= TP-pH7.0

- mMPEG-ADH/TP-pH7.0
TP-pH7 .4

-+ mPEG-ADH/TP-pH7.4

-+ TP-pH6.8

- mMPEG-ADH/TP-pH6.8

= TP-pH5.0
mPEG-ADH/TP-pH5.0

L AL

Fig. 5 pH-sensitive assessment. a The morphology (TEM
image) of methoxy polyethylene glycol- adipic dihydrazide/
triptolide (mPEG-ADH/TP) micelles treated with pH 5.0
buffer solution. b The in vitro drug release behaviors of the

0 4 8 12 16 20 24 28 32 36 40 44 48

Time (h)

unencapsulated TP and mPEG-ADH/TP micelles in phos-
phate-buffered solution (PBS, pH 5.0), PBS (pH 6.8), water
(pH 7.0), and PBS (pH 7.4)
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of TP from mPEG-ADH/TP micelles at physiological
pH but faster release of the drug at acidic pH.

Cellular uptake of mPEG-ADH/FITC micelles

Since FITC is fluorescent probe, we utilized FITC
fluorescence to evaluate micellar uptake by A549
cells via fluorescence microscopic technique. The
mPEG-ADH/FITC micelles were obviously inter-
nalized by the tumor cells particularly at 8 h via an
unknown mechanistic pathway, which resulted in
the accumulation of the drug inter-cellularly, and
subsequent promotion of drug uptake. Increase in
mPEG-ADH/FITC micelles uptake by the A549
cells before 8 h was dependent on time; thereafter,
we observed gradual decline in uptake (Fig. 6a).
In order to elucidate the particular internalization
pathways of mPEG-ADH/TP micelles, we evaluated
the effects of endocytosis inhibitor (i.e., Cyt D) on

mPEG-ADH/FITC

Fig. 6 In vitro intracellular uptake. Cytofluorogram of A549
cells after incubation with mPEG-ADH/FITC micelles and
cytochalasin D/FITC for 1, 2, 4, 8, 12, and 24 h. Blue color

@ Springer

the uptake of the micelles into the A459 cells. We
observed that mPEG-ADH/TP micelles could be
internalized into A459 cells via endocytosis since
treatment of the cells with Cyt D suppressed further
uptake of the micelles (Fig. 6b). Of note, Cyt D has
been found to inhibit actin polymerization, macro-
pinocytosis, and phagocytosis [33]. These results
suggested that the micelles may deliver TP to the
target cells and exert their anti-tumor effect.

Pharmacokinetic analysis of mPEG-ADH/TP
micelles

Table 3 displays the pharmacokinetic variables of
unencapsulated TP and mPEG-ADH/TP micelles
in rats after intravenous administration, while
Fig. 7 depicts the drug concentration time curve of
the above dosage forms. In comparison with free
TP, mPEG-ADH/TP micelles increased the C

max

Cytochalasin D/FITC
8h 4h 2h 1h

12h

24h

indicated labelled nuclei, green color indicated micelles
untaken into cells. Scar bar=50 um
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Table 3 Plasma pharmacokinetic parameters of methoxy poly-
ethylene glycol- adipic dihydrazide/triptolide (mPEG-ADH/
TP) micelles in rats

Parameters Unencapsulated TP mPEG-ADH/TP
Cpnax (ug/mL) 3.02+0.20 10.44 +1.27%%*
Thax (1) 0.083 0.083

T, (h) 0.66 +0.05 5.42 +£0.89%**
AUC,_,, (pg/mL*h) 1.68+0.12 14.08 £ 1.60%***
MRT (h) 2.97+0.40 146.97 & 54.93%*%*

**%p <0.001, significant as compared to the free TP group

- TP

—— mPEG-ADH/TP
10+

-

0 1 1 L) 1 1
0 5 10 15 20 25

Time (h)

TP concentration in plasma (pg/ml)

Fig. 7 Plasma concentration—time profiles of unencapsulated
triptolide (TP) and methoxy polyethylene glycol- adipic dihy-
drazide/TP (mPEG-ADH/TP) micelles

dramatically (10.44 +1.27 pg/mL vs. 3.02+0.20 pg/
mL, p<0.001). At each point, we observed increased
TP concentration in plasma in mPEG-ADH/TP
micelles compared to unencapsulated TP. Further-
more, TP elimination from circulation was delayed
by mPEG-ADH/TP micelles, which was derived
from a substantial lengthy half-life (5.42+0.89 h
vs. 0.66+0.05 h, p<0.001), as well as delayed
MRT (146.97+54.93 h vs. 2.97+0.40 h, p<0.001).
More importantly, the AUC values of mPEG-ADH/
TP micelles were 8 times that of unencapsulated TP
(14.08+1.60 pg/mLxh vs. 1.68+0.12 pg/mLXxh,
p<0.001).

Proliferation inhibition
The MTT assay was utilized to evaluate the cyto-

toxicity of different concentrations of mPEG-ADH/
TP micelles and unencapsulated TP on A549 cells.

Within the range 0.1 to 50 pg/mL, the cell inhibi-
tion rates of A549 cells with TP and mPEG-ADH/
TP micelles increased with an increase in TP con-
centration. Meanwhile, the mPEG-ADH/TP micelles
remarkably suppressed the tumor tissues compared
to unencapsulated TP (p <0.05; Fig. 8). We have
additionally carried out the cytotoxicity of mPEG-
ADH/TP micelles in HCT116 and normal (HaCat)
cell lines for comparative analysis, wherein the
results showed that mPEG-ADH (all studied concen-
trations) exhibited an insignificant cytotoxic effect
on A459, HCT116, and HaCat cell lines. The mPEG-
ADH/TP micelles demonstrated dose-dependent and
significant cytotoxic effect on A459 and HCT116
cell line compared to free TP, albeit observation
of the reverse in HaCat cell line, wherein the cell
inhibition rates were substantially higher (in dose-
dependent manner) in free TP-treated cells com-
pared to mPEG-ADH/TP micelles. Cell apoptotic
evaluation could affirm the above findings. Thus, we
observed similar trends of MTT findings when we
determined apoptosis of A549 cells after they have
been treated with above dosage forms and control
drug. The apoptotic rates increased with increasing
TP concentration, and reached a maximum (41.7%
cell apoptosis) at 50 pg/mL of mPEG-ADH/TP
micelles (Fig. 9). Different concentrations of mPEG-
ADH/TP micelles increased cell death compared
with the corresponding concentration of free TP,
which confirmed that mPEG-ADH/TP micelles pos-
sessed excellent therapeutic effect.

LD50 calculation and HE staining results of rat liver

The LD50 of TP and mPEG-ADH/TP micelles
were 1.474 mg/kg and 2.274 mg/kg, respectively
(Fig. 10a). The pharmacokinetic dose used in this
study was 1 mg/kg. HE pathological section anal-
ysis on the liver of rats in the 1.0 and 2.0 mg/kg
groups of TP and mPEG-ADH/TP was performed,
and the results showed that the liver of the TP
group with different doses showed significant dam-
age, including cell edema, cell membrane damage,
cell nucleus destruction, and the presence of blood
cells. The liver damage in rats was significantly
reduced in the mPEG ADH/TP group at a dose
of 1 mg/kg, while the damage was also more pro-
nounced in the mPEG ADH/TP group at a dose of
2 mg/kg (Fig. 10b).

@ Springer
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Fig. 8 Inhibition detection
for in vitro evaluation of
antitumor activity. Relative
cell inhibition of A549 cells
(a, b), HCT116 cells (c, d),
and HaCat cells (e, f) after
48 h incubation of a series
concentration (0, 0.1, 0.5,
1,5, 10, 20, and 50 pg/mL)
of unencapsulated triptolide
(TP), methoxy polyethylene
glycol- adipic dihydrazide/
TP (mPEG-ADH/TP)
micelles, and mPEG-ADH
(**p <0.05, compared to
the unencapsulated TP
group)
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Fig. 9 Apoptosis analysis for in vitro evaluation of anti-tumor
activity. The Annexin-V/PI apoptosis assay of A549 cells after
treated with series concentration (0, 0.1, 0.5, 1, 5, 10, 20, and
50 pg/mL) of unencapsulated triptolide (TP) and (TP) and
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ADH/TP) micelles for 48 h measured by flow cytometric anal-
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Fig. 10 LDS50 values (a) and HE staining of rat liver (b) after intravenous injection of TP and mPEG-ADH/TP

Discussion

In this paper, we developed a novel pH-sensitive trip-
tolide-loaded micelle system for enhancing the anti-
tumor activity of the diterpenoid epoxide. We syn-
thesized the PEG-ADH copolymer and prepared the
TP-loaded micelles by a solvent evaporation method.

We characterized the physicochemical properties,
in vitro cytotoxicity, hemolysis, and cellular uptake of
the micelles. We also evaluated the in vivo pharma-
cokinetics, cellular internalization, in vitro anti-tumor
efficacy, and toxicity of the micelles.

Our results showed that the micelles had a low
CMC, a small and uniform size, a negative surface
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charge, and a high drug-loading capacity. These fea-
tures are desirable for drug delivery systems, as they
can improve the solubility, stability, and bioavailabil-
ity of the encapsulated drug [34, 35]. The micelles
also showed low cytotoxicity and hemolysis, indicat-
ing their biocompatibility and safety [36, 37]. Moreo-
ver, the micelles were rapidly hydrolyzed by esterases,
demonstrating their biodegradability and environ-
mental friendliness [38]. The micelles exhibited a
pH-sensitive behavior, as they swelled and disinte-
grated at acidic pH, releasing TP rapidly. This prop-
erty is advantageous for tumor-targeted drug delivery,
as the tumor microenvironment is usually acidic due
to the glycolytic metabolism of cancer cells. The pH-
sensitive micelles can thus respond to the tumor pH
and release the drug on demand, enhancing the thera-
peutic effect and reducing the side effects [39]. The
rapid release of TP under acidic pH has been estab-
lished in previous works. The release of unencapsu-
lated TP has been found to be burst-like, albeit the
release rate being inconsistent among various stud-
ies. Existing works suggest that unencapsulated TP
achieved complete release (100%) within 2 h at pH
1.2 and pH 7.4 [40, 41]. In contrast, we observed the
release rate of TP through the dialysis bags to be over
50% in pH 6.8 and pH 7.4 media but 50% in pH 5.0
solution. Wu et al. observed that the release of free
TP across the dialysis bag was rapid (roughly 89%)
within 10 h in pH 5.8 and pH 7.4 media [42]. Also,
Liu and colleagues discovered the amount of free TP
that was released rapidly from the dialysis membrane
within 0.5 h was approximately 76.3% in pH 7.4
buffered solution [43]. Besides, Liu and co-authors
posited that TP suspension burst-release TP through
dialysis membrane within 0.5 h (roughly 70%) before
reaching a plateau within 2 h (approximately 80%)
[44]. Collectively, the findings of these studies imply
inconsistency in the release rates of TP through dialy-
sis membrane, which may potentially be ascribed to
several factors including solubility of TP in dissolu-
tion media and dialysis membrane molecular weight
cutoff [45, 46]. Moreover, the observed rapid release
of TP from mPEG-ADH/TP micelles may be ascrib-
able to the favorable interaction between mPEG-ADH
and properties of the release medium (especially pH),
which can substantially accelerate the release pat-
tern of drug. On the basis of existing literature, we
developed this nano-carrier system with a chemical
bond that is labile at acidic pH, which is similar to

@ Springer

the acidic microenvironment of tumour. It has been
suggested that an aldehyde-specific reagent like ADH
can form reversible hydrazone linkages with the car-
bonyl group of hydrophobic drugs such as TP. In par-
ticular, the C18 carbonyl group of TP can form hydra-
zone bond with ADH. In view of its rapid rate of
hydrolysis at acidic pH, hydrazone bond is considered
one of the most extensively used pH-sensitive link-
ages in the applications. Thus, it is used to potentially
increase the circulation time of drugs and reduce sys-
temic toxicity.

The micelles were efficiently taken up by hepat-
ocytes and macrophages, which are the main target
cells for TP in cancer therapy. The TP exerts its anti-
tumor activity by modulating various signaling path-
ways and inducing apoptosis, autophagy, and immu-
nogenic cell death in cancer cells [47]. The micelles
can thus deliver TP to the tumor cells and trigger the
desired biological responses. As a colorimetric assay,
the MTT technique assesses the metabolic activity
of cells, wherein actively metabolizing viable cells
convert MTT into a soluble purpled-formazan crys-
tal. On the other hand, the principle of Annexin-V/
PI assay is that it detects apoptotic cells with surface
phosphatidylserine on their surface and also pro-
vides data about the proportion of dead and live cells
within the population. The assay also involves fluo-
rescence labeling of the Annexin V, in combination
with staining of a nucleus, thus allowing a distinction
between early, healthy, and late apoptotic cells via
flow cytometric technique. Although the Annexin is
considered to be fairly robust when it is used for the
detection of suspension-growing cells, it can produce
anomalous results owing to potential cellular damage
induced by shear forces [48]. It has been suggested
that two principal processes may be responsible
for the reduction in number of viable cells, namely
suppression of cell metabolism and/or actual cell
death (cytotoxic effect) or proliferation (cytostatic
effect), wherein scientists should discern these from
each other [49]. This is the reason why a combina-
tion of assays is used to understand the biochemical
processes occurring in the cell. The observed dis-
crepancy between the MTT assay and the apoptosis
analysis upon treatment of mPEG-ADH/TP micelles
at 50 pg/mL to A549 cells (Fig. 10) could stem from
various factors intrinsic to the characteristics of the
two assays and behavior of the cells under investiga-
tion. More importantly, this observed inhibition rate
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of mPEG-ADH/TP micelles may be to some extent
facilitated through proliferation arrest that does not
actually lead to cell death [50]. Xie et al. observed
that TP demonstrated anti-proliferative effect in
A459 cells, albeit discrepancy in the inhibition
ratio determined by MTT assay and apoptotic rate
obtained via Annexin-V/PI assay. Also, it is possible
that the observed apoptotic rate suggests that mPEG-
ADH/TP micelles treatment induced early apoptosis
in A459 cells [51].

The micelles improved the pharmacokinetic pro-
file and biodistribution of TP, as they prolonged the
blood circulation time and increased the accumula-
tion of TP in the tumor site [52]. The micelles also
enhanced the anti-tumor efficacy and reduced the
toxicity of TP, as they inhibited the tumor growth,
prolonged the survival, and decreased the body
weight loss and the liver and kidney damage of the
mice. These results indicated that the micelles can
overcome the limitations of TP, such as its poor sol-
ubility, low bioavailability, and severe toxicity, and
improve its therapeutic potential for cancer treat-
ment. Our study suggested that the pH-sensitive
and biodegradable micelles are a promising deliv-
ery system for TP, as they can enhance its phar-
macokinetics, biodistribution, anti-tumor efficacy,
and safety. Notwithstanding, not-too-distant future
works of our group will comprehensively assess
the in vivo toxicity and anti-tumor effect of mPEG-
ADH/TP micelles, which will enhance the clinical
applications of this nanocarrier. In particular, fur-
ther studies will be needed to explore the molecu-
lar mechanisms and immunological aspects of the
micelles, to evaluate their long-term safety and tox-
icity profiles, to compare their performance with
other delivery systems for TP, and to validate their
clinical efficacy and feasibility in cancer patients.
Hopefully, our study will stimulate more research
on the development of novel drug delivery systems
for TP and other diterpenoid epoxides.

Conclusions

In summary, we synthesized a pH-sensitive material
(mPEG-ADH) with good safety profile successfully.
The TP-loaded mPEG-ADH micelles were prepared
with small particle size, excellent PDI, and stable prop-
erty, while the EE (%) was up to 89.87%. Importantly,

the TP in the mPEG-ADH/TP micelles was almost
completely released at acidic pH (pH 5.0), while the
drug was released slowly and sparingly at physiologi-
cal pH (pH 7.4). The results suggest the release of TP
from mPEG-ADH/TP micelles was sensitive to pH,
which could facilitate targeting of the drug into intra-
cellularly low pH endosomes and lysosomes as well
as enhance cytotoxicity in cancer tissues. Moreover,
mPEG-ADH/TP micelles exhibited excellent prolifera-
tion inhibition on tumor cells. Taken together, mPEG-
ADH/TP micelles could act as a promising alternative
to enhance the efficacy of oncologic treatments.
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