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Introduction: Kidney-type glutaminase (KGA) has been an important anti-tumor drug 
target, and KGA allosteric inhibitors attracted much interest for their superior enzymatic 
specificity with good drug safety profiles. For glutaminase allosteric inhibitors such as 
BPTES, CB-839 and Selen derivatives, the low solubility remains as the main factor that 
limits in vivo efficacy. The 1,3,4-Selenadiazole compound CPD 23 showed improved in vivo 
efficacy but worse solubility; however, the graft polymer polyvinyl caprolactam-polyvinyl 
acetate-polyethylene glycol (PVCap-PVA-PEG), Soluplus® (SOL) stood out as an excellent 
delivery carrier for CPD 23.
Methods: The CPD 23@SOL micelles were prepared, optimized and evaluated through on 
the basis of solubility improvement and loading capacity. Characterizations of particle size 
and Zeta potential by dynamic light scattering, morphology by transmission electron micro-
scopy and solid state by X-ray powder diffraction were closely conducted. The biological 
studies included the tumor cell growth inhibition, blood and liver microsomal stability, 
in vivo pharmacokinetics and tissue biodistribution.
Results: At 1:20 ratio of CPD 23:SOL, CPD 23@SOL micelles were well-dispersed, 
spherical and stable, with size less than 200 nm with encapsulation efficiency of more than 
90%. This SOL micellar system significantly increased the aqueous solubility of CPD 23 by 
15,000 folds. Particularly, CPD 23@SOL micelles demonstrated higher stability in blood and 
liver microsomes, showing approximately 86% remaining at 2 h incubation and about 66% at 
4 h, respectively. In addition, with or without micellar formulation, CPD 23 maintained 
essentially the same inhibitory activity in tumor cells. Interestingly, CPD 23@SOL micelles 
significantly improved the pharmacokinetic exposure, prolonged the in vivo circulation and 
dramatically changed tissue biodistributions of CPD 23.
Conclusion: The current work provided an encouraging and practical delivery system for 
novel Selenadiazoles and glutaminase allosteric inhibitors whose poor water-soluble char-
acteristic has been a bottleneck for the field.
Keywords: glutaminase inhibitor, Selenadiazole compound, Soluplus®, polymeric micelles, 
stability, pharmacokinetics

Introduction
The kidney-type glutaminase (KGA or Glutaminase C, GAC) showed high distribution in 
kidney and brain and upregulation in tumors and was recognized as an important drug 
target for cancer therapeutics.1,2 Novel KGA inhibitors have been developed.3–5 For 
example, L-6-Diazo-5-oxonorleucine (DON) showed good in vivo efficacy but with high 
toxicity; a pro-drug of DON, HJU-083, was designed to overcome the toxicity.6,7 In 
addition, KGA allosteric inhibitors such as bis-2-(5-phenylacetamido-1,3,4-thiadiazol- 
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2-yl)ethyl sulfide (BPTES) and CB-839 (Telaglenastat) fea-
tured a thiadiazole moiety have superior enzyme specificity 
and good drug safety profiles, but very low solubilization.8,9 

The novel 1,3,4-Selenadiazole analogue (CPD 23, Table S1) 
has shown significantly enhanced in vivo anticancer activity 
but lower solubility.10 Water solubility has become the bottle-
neck for the further development of these potent KGA allos-
teric inhibitors.

For decades, researchers have taken pains to improve 
the solubility from perspectives of medicinal chemistry 
and drug formulation.11,12 Polymeric nanoparticles have 
been designed for BPTES and verified to show improve-
ment in solubility, cellular uptake and tumor damage.13 

A gold-polymer-CB-839 conjugate was produced as the 
delivery system and has increased the therapeutic efficacy 
of CB-839 in glioblastoma stem cells.14 In our previous 
work, the Hexylselen also showed great in vivo efficacy 
but poor solubility.15,16 However, by forming 
self-assembly micelles using the widely used polyvinyl 
caprolactam-polyvinyl acetate-polyethylene glycol 
(PVCap-PVA-PEG, 13%-57%-30%, respectively) graft 
copolymer, named Soluplus® or SOL, the 
Hexylselen@SOL micelles have achieved significantly 
improved solubility, biological stability, in vivo bioavail-
ability and antitumor efficacy.17 This indicated that the 
micelles are suitable as the delivery system for selenium- 
containing KGA allosteric inhibitors in practice.

Soluplus® can form nano-micelles at the critical micel-
lar concentration (CMC) of 7.6 μg/mL with low toxicity 
and strong amphiphilic properties.18 As for the SOL poly-
mer, hydrophobic moieties can interact with drugs with 
similar poor water-solubility to form hydrophobic cores 
for precipitation prevention, while the hydrophilic moi-
eties extend to aqueous phase, consequently producing 
the stable micelles with hydrophobic drugs inside. Due to 
the high drug-loading capacity and surfactant properties,19 

SOL is usually introduced to address solubilizing and anti- 
diluting problems for active pharmaceutical ingredients 
(APIs) especially in the Biopharmaceutical Classification 
System (BCS) group II.20,21 With multifunctional and 
superior characteristics, Soluplus® can be formulated into 
kinds of delivery systems such as nano-emulsion,22 nano- 
micelles,23,24 solid dispersion,25,26 transparent film27 and 
thermosensitive hydrogel28,29 to increase the solubility, 
bioavailability and efficacy of hydrophobic APIs. Recent 
reports have also demonstrated that delivery composites 
formed by SOL with materials such as Pluronic®,30 

Solutol HS15,31 N-vinylpyrrolidone and vinyl acetate 
(PVPVA),32 D-α-tocopheryl polyethylene glycol 1000 suc-
cinate (TPGS1000),33 and so on, have generated many 
formulations that have less toxicity, higher bioavailability 
and improved cancer site-targeting for antitumor drugs.

1,3,4-Selenadiazole CPD 23 has the structural feature 
of long hydrophobic chain and pyridazin derivative 
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moiety, which contributes to high Calculated LogP of 4.58 
and low water solubility at about 0.31 μg/mL (Table S1). 
As reported, excipients with moderate hydrophobic moiety 
can be promoted because their molecular interactions 
would be likely to produce considerable solubility.34 In 
this way, we tested amphiphilic polymers as delivery sys-
tems for CPD 23.

Here, we developed the optimized CPD 23@SOL 
micelles on the basis of solubility improvement and load-
ing capacity. The optimized micelles were characterized to 
obtain particle size, Zeta potential, morphological identifi-
cation and solid state. The improved biological activity 
was evaluated by the tumor cell growth inhibition, blood 
and mouse liver microsomal stability, pharmacokinetic 
study including in vivo exposure, blood circulation and 
tissue biodistributions. Importantly, the CPD 23@SOL 
micelles displayed 15,000-fold increase in solubility and 
markedly enhanced pharmacokinetic profiles with pro-
longed in vivo circulation throughout the organism.

Materials and Experimental 
Methods
Materials and Chemical Reagents
The synthesized 1,3,4-Selenadiazole compound (CPD 23) 
powder has been previously reported.10 Soluplus® was 
a kind gift from BASF Ltd. (Ludwigshafen, Germany). 
Human non-small cell lung cancer (A549) and mouse 
hepatoma (H22) cell lines were purchased from Shanghai 
Institute of Biochemistry and Cell Biology of Chinese 
Academy of Sciences (Shanghai, China). RPMI1640 med-
ium was purchased from M&C Gene Tech Inc. (Beijing, 
China) and fetal bovine serum (FBS) from Zhejiang 
Tianhang Biotech Inc. (Deqing, China). EZMTT detection 
reagents were obtained from JNF Bioscience Inc. 
(Hangzhou, China). ICR/CD1 mouse liver microsome 
was purchased from the Research Institute for Liver 
Diseases Inc. (Shanghai, China). Glucose-6-phosphate 
(G6P) and glucose-6-phosphate dehydrogenase (G6PDH) 
were purchased from Plant Cell Biotechnology Inc. 
(Beijing, China). NADPNa2 was provided from Shanghai 
Yuanye Biotech Inc. (Shanghai, China). Coumarin was 
purchased from Meryer Chemical Technology Inc. 
(Shanghai, China). ICR mice (SPF) were purchased from 
Zhejiang Institute of Medical Science (Hangzhou, China), 
and treated in compliance with ethical standards. All ani-
mal experimental procedures were strictly conducted 
under the institutional guidelines for the care and use of 

laboratory animals in Zhejiang University of Technology, 
Hangzhou, China, and conformed to the National Institutes 
of Health Guide for Care and Use of Laboratory Animals 
(Publication No. 85–23, revised 1996). Zhejiang 
University of Technology approved the experiments. 
Chromatographic grade methanol was obtained from 
Tedia Inc. (USA). Phosphate buffered saline (PBS) was 
purchased from Solarbio Inc. (Beijing, China). Purified 
water (Millipore, Bedford, MA, USA) was used through-
out the study and all other reagents were of analytical 
grade.

Preparation and Formulation of 
CPD23@SOL Micelles
The thin film dispersion method was used to prepare CPD 
23@SOL micelles according to the previous report.17 

Briefly, CPD 23 and Soluplus® were first completely solu-
bilized in mixture of dichloromethane and ethanol (1:4, v/ 
v) by ultrasonication, then evaporated to remove the 
organic solvents under a vacuum of −0.1 MPa at 40–42 
°C until dry, and the obtained thin layer was washed and 
hydrated with sterile saline (0.9% NaCl solution) to form 
CPD 23@SOL micelles. Several mass ratios of CPD 23 
and Soluplus® were used for preparation, and the most 
stable formulation was selected by comparing the amount 
of prescription from micelles in 24 hours. The obtained 
micelles were filtered with a 0.45 μm acetate fiber mem-
brane to remove the non-incorporated compound, which 
was then stored at 4 °C for the following experiments.

Particle Size and Morphology 
Characterizations
Using dynamic light scattering (DLS) in a Malvern system 
(ZEN-3600, Malvern Instruments, Worcestershire, UK), 
the average particle size, polydispersity index (PDI) and 
Zeta potential (ζ) of CPD 23@SOL micelles were deter-
mined. The morphology of CPD 23@SOL micelles and 
blank SOL micelles was observed by transmission electron 
microscopy (TEM, JEM-200CX, JEOL, Japan).

Encapsulation Efficiency and Loading 
Capacity
The encapsulation efficiency (EE%) was used here to 
mainly measure the entrapped compounds within the iso-
lated compounds in micelles. Because of the poor aqueous 
solubility in saline or PBS (lower than 1 μg/mL), the CPD 
23 concentration could be essentially neglected when 
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compared with that encapsulated in micelles (more than 
4 mg/mL). Here, the precipitated CPD 23 in micelles was 
removed by centrifugation at 3000 rpm for 10 min and 
followed by filtration with a 0.45 μm acetate fiber mem-
brane. Then, 0.2 mL of the filtered micelles was disrupted 
by appropriate amount of methanol (HPLC grade) and 
syringed to a reversed phase high performance liquid 
chromatography (RP-HPLC) system for CPD 23 
quantification.10 Because the free CPD 23 dissolved in 
aqueous solution can be ignored, Equations (1)-(2) were 
used to calculate the encapsulation efficiency (EE%) and 
drug loading (DL%) respectively. All samples were ana-
lyzed three times to get mean ± standard deviation (SD).

EE% ¼
Weight of loaded CPD in micelles

Weight of Input CPD
� 100% (1) 

DL% ¼
Weight of loaded CPD in micelles

Weight of Input CPDþWeight of Input exipient
� 100%

(2) 

X-Ray Powder Diffraction
The CPD 23@SOL solid dispersion (SD) was obtained 
from of the lyophilized CPD 23@SOL micelles prepared 
above by thin film method and then ground to particles less 
than 200 mesh. The CPD 23 crystalline powder, CPD 
23@SOL physical mixture and CPD 23@SOL SD were 
determined by X-ray powder diffraction (XRPD). On the 
disc of a diffractometer (D/Max-2400, Rigaku Instrument, 
Osaka, Japan) were the ground sample tiled and exposed to 
Cu-Kα radiation under 40 kV and 25 mA over the 2 theta (θ) 
range of 3–40 degree with a scanning speed of 0.03 degree/ 
min. Diffractograms were collected and compared for state 
characterization.

Tumor Cell Growth Inhibition
In this experiment, the H22 mouse hepatoma cells and A549 
human non-small cell lung cancer cells (NSCLC) were reg-
ularly proliferated in the media of DMEM and RPMI with 
10% (v/v) FBS and penicillin/streptomycin (100 U/mL for 
each) respectively at 37 °C in a humidified atmosphere con-
taining 5% CO2. In a 96-well plate, 4 × 103/well of the cells 
were plated and treated with a series of dilutions of CPD 23 
in PBS with 1% DMSO, CPD 23@SOL micelles (both CPD 
23 topped at 2 mM) and blank SOL micelles for 5 days. The 
amount of NAD(P)H produced in viable cells was measured 
using the EZMTT reagents35,36 with 1 hour incubation, to 
collect OD values of the samples, control and blank wells at 

the wavelength of 450 nm. The inhibition of specimens to 
tumor cells was calculated by equation (3). The tests were 
repeated triplicate in at least two independent experiments.

Tumor cell growth inhibition%

¼ 1 �
ODsample � ODblank

ODcontrol � ODblank

� �

� 100% (3) 

Stability in Blood
Free CPD 23 was prepared in 1% DMSO, 5% ethanol, 5% 
Tween80, 10% PEG 400 and 3% poloxamer 188 with PBS 
buffer as the vehicle (it would be used in the following 
experiments).10 CPD 23@SOL micelles with the mass 
ratio CPD 23:SOL=1:20 were used. In several vials 
where 100 μL of fresh blood from ICR mouse with antic-
oagulative heparin sodium was preheated at 37 °C for 
about 5 min, 10 μL of CPD 23 vehicle or CPD 23@SOL 
micelles (both containing 1 mg/mL CPD 23) were then 
added, gently mixed and incubated continuously in 37 °C 
water bath. At the time points of 2 min, 30 min, 1 h and 2 
h, the mixture in each vial was terminated with DMSO and 
extracted to get the organic layer. The collected DMSO 
extractions were lyophilized, then redissolved in methanol 
and applied to HPLC analysis for quantification. The per-
centages of CPD 23 retained in blood represented the 
blood stability of a compound, the tests were performed 
in triplicate.

The Partition in Plasma
As the blood stability was performed, another 10 μL CPD 23 
vehicle or CPD 23@SOL micelles containing 1 mg/mL 
CPD 23 was mixed with 200 μL blood and incubated at 37 
°C till the preset time points 0.033 h, 0.5 h, 1 h and 2 h. Each 
vial was gently centrifuged at 3000 rpm for 10 min to 
separate the plasma and rest cell pellets (mainly composed 
of red cells), both of which were terminated with DMSO. 
The collected DMSO extractions were then lyophilized and 
redissolved in methanol to quantify the partitioned amounts 
of CPD 23. For these samples, respective percentage of CPD 
23 in plasma and red cell pellets were calculated and all 
experiments were performed in triplicate.

The Liver Microsomal Stability
According to the assay for the mouse liver microsome 
stability study,37 the CPD 23 vehicle and CPD 23@SOL 
micelles used in blood stability were used and compared, 
taking free coumarin as the control. Briefly, 50 μM CPD 
23 (in vehicle, micelles or coumarin) was preincubated 

https://doi.org/10.2147/IJN.S346596                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2022:17 216

Fang et al                                                                                                                                                              Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


with mouse liver microsomes (0.5 mg/mL) in PBS (100 
μL, pH 7.4) at 37 °C for 5 min. The reaction was then 
initiated by the addition of an NADPH-generating system 
(the solution containing 3 mM NADPH, 7.2 mM MgCl2, 6 
mM G6P and 3 unit of G6PDH). After incubated at 37 °C 
in water bath for 0 min, 5 min, 30 min, 1 h, 2 h and 4 h, 
the resulting mixtures were terminated, extracted with 
DMSO and stored at −20 °C until analysis. The samples 
were stored at −20 °C and HPLC was further used to 
quantify the remaining amount of CPD 23 in liver micro-
somes. Half-life (t1/2) and clearance (CL) were calculated 
using Equations (4) and (5), respectively.

t1=2 ¼ �
0:693

ke
(4) 

CL ¼ � ke �
1

Cmicrosomal protein
(5) 

In the equations, ke is the slope of the relationship of lnC 
(input concentration of compound) and t (incubation time), 
and Cmicrosomal protein is the input concentration of microso-
mal protein. Experiments were performed in triplicate to 
obtain the mean and SD.

In vivo Pharmacokinetic Study
Healthy male ICR mice (6−8 weeks) were administered 
a single dose of 20 mg/kg CPD 23 vehicle or CPD 
23@SOL micelles via intravenous injection route. At post- 
injected time points of 0.033, 0.5, 1, 2, 4, 12 and 24 h, 
three mice per time interval were euthanized, the blood 
was collected by cardiac puncture, and the organs includ-
ing brain, heart, liver, spleen, lung and kidney were 
removed, washed in ice-cold physiological saline, sopped 
up with tissue, then weighted, and homogenized by 
a probe homogenizer (Dragon, BioSpec Products, China). 
Plasma was separated from the blood by centrifugation at 
3000 rpm for 10 min, stored at −20 °C until the DMSO 
treatment and analysis by HPLC, in which the collected 
DMSO extractions were lyophilized, then redissolved in 
methanol and finally applied to HPLC to quantify CPD 23. 
For homogenized tissues, dichloromethane extraction and 
HPLC quantification were suited. After extracting the tis-
sue homogenates at least three times, the mixture was 
centrifuged at 8000 rpm for 10 min to separate CH2Cl2 

layer which was then collected, dried under nitrogen flow 
and redissolved in methanol. The obtained sample solu-
tions were applied to HPLC assay for CPD 23 quantifica-
tion. The amount of CPD 23 in plasma and organs at 

different time points was collected to draw the Area 
Under the Curves (AUC), and calculate PK parameters 
using DAS 2.0 (version 6.0) software.

High Performance Liquid 
Chromatography Assay
To quantify CPD 23 in in vitro and in vivo experiments, 
the RP-HPLC assay was performed on Welchrom S60 
system equipped with an XB-C18 analytical column 
(250 mm × 4.6 mm, 5 µm; Welchrom).10 Under 
a detection wavelength of 254 nm, samples were injected 
(20 μL) using a mobile phase of methanol and water in 
a gradient elution program where methanol started from 
65% for 2 min, increased to 100% for 12 min, and then 
maintained at 100% for 6 min at the flow rate of 1.0 mL/ 
min. Quantification was based on external standard 
method, through the detected peak areas and comparison 
with the standard curve (A = 32619C + 13.292, R2 = 
0.9999, A: peak area of CPD 23; C: CPD 23 concentra-
tion, in Methanol) of the corresponding pure CPD 23 
(ranges of 0.004–0.25 mg/mL).

Data Analysis
All experiments were conducted triplicate and all data 
were presented as the mean with standard deviation. 
Statistical analysis of significance was performed by 
SPSS 19.0 statistical software (SPSS Inc., USA). The 
difference between two groups were evaluated using two- 
tailed Student’s t-test, and values of P < 0.05 (* or #), P < 
0.01 (** or ##) and P < 0.01 (*** or ###) were considered 
as statistical significance, extreme significance and super 
significance respectively.

Results
Preparation of CPD 23@SOL Micelles
Using the thin film dispersion method, 1,3,4-Selenadiazole 
analogue (CPD 23) and Soluplus® (Figure 1A) were first 
completely dissolved in organic reagents, then evaporated to 
remove the solvent to produce the thin dried film and at last 
it was hydrated with sterilized physiological saline (scheme 
illustration in Figure 1B). Compared to water, the obtained 
CPD 23@SOL micelles were yellow brown opalescent 
liquid while the blank SOL micelles appeared with light 
blue transparent opalescence. In this preparation, the reddish 
brown CPD 23, featured with a high calculated LogP 
(CLogP) of 4.58 from the official tool of ALOGPS2.1 and 
low aqueous solubility, about 0.31 μg/mL (Table S1), was 
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well encapsulated by Soluplus® to automatically assemble 
as micelles, indicating that the strong hydrophobic core of 
SOL showed high compatibility with CPD 23. Thus, SOL 
demonstrated greatly improved solubility of CPD 23.

In the following, CPD 23@SOL micelles with several 
mass ratios of CPD 23 and SOL were formulated and 
investigated. When the mass ratio of 1:10 (CPD 23:SOL) 
was used, the CPD 23@SOL micelles showed slight visible 
precipitation in yellow brown opalescent liquid with the 
encapsulating efficiency (EE) of 88.7 ± 2.8% (Table 1). 
However, little precipitation emerged in CPD 23@SOL 
micelles and the EE rose to over 93% when the ratio was 
adjusted to 1:20 and 1:30, with the decreased drug loading 
(DL) due to the increased amount of SOL. Coincidently, 
when incubated at 37 °C for 24 h, more than 90% CPD 23 
was stable in CPD 23@SOL micelles at the CPD 23:SOL 
ratio of 1:20 while only about 47% retained in the micelles 
at the ratio of 1:10 (Figure S1). Thus, in the preparation, 
CPD 23@SOL micelles were firmly formed with moderate 

CPD 23:SOL ratios (1:20 and 1:30, for instance), otherwise 
less SOL would essentially result in more compound leak-
age and unstable micelles.

Accordingly, CPD 23 was significantly solubilized to 
achieve more than 4.5 mg/mL in aqueous solution, essen-
tially due to the strong molecular interaction in hydrophobic 
core and good compatibility of SOL for CPD 23. To under-
stand more about CPD 23@SOL micelles, the prepared 
micelles needed more characterizations and biological tests.

Particle Size and Morphology 
Characterizations
To further investigate the formulation and characterization, the 
CPD 23@SOL micelles with various input ratios of CPD 23 
and SOL were prepared. From the images taken under TEM in 
Figure 2A and B, the CPD 23@SOL micelles showed spheri-
cally round and oval shapes, similar to the blank SOL micelles. 
In broad and narrow microscopic fields, both CPD 23@SOL 
micelles and blank SOL micelles were found evenly 

Figure 1 The structures of Soluplus® and CPD 23, and scheme illustration of CPD 23@micelles preparation. 
Notes: (A) the monomeric unit of Soluplus® and chemical structure of CPD 23; (B) scheme illustration of CPD 23@micelles preparation, and images of CPD 23@SOL 
micelles, blank SOL micelles and deionized water.

Table 1 The Encapsulation Capacity and Appearance of the Formulated CPD 23@SOL Micelles

CPD 23:SOL (w/w)a CPD 23  
(mg/mL)

SOL  
(mg/mL)

EE (%) DL (%) Appearance

0:20 0 100 – – Light blue opalescent liquid

1:10 5 50 88.7 ± 2.8 8.13 ± 0.25 Slight precipitation in yellow brown opalescent liquid
1:20 5 100 93.4 ± 1.3 4.45 ± 0.06 Yellow brown opalescent liquid

1:30 5 150 98.2 ± 3.2 3.22 ± 0.09 Yellow brown opalescent liquid

Notes: aw/w is the weight of CPD 23/the weight of SOL; Mean ± SD; n=3. 
Abbreviations: SOL, Soluplus®; EE, encapsulation efficiency; DL, drug loading.
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distributed with average particle size at almost 100 nm, which 
was consistent to the results obtained by dynamic light scatter-
ing (DLS) instrumentation (Figure 2C and D). With the input 
of 1–3 mg/mL CPD 23 at the 1:20 ratio of CPD 23:SOL, the 
average particle sizes of CPD 23@SOL micelles were less 
than 200 nm with a PDI of about 0.2 (Table 2). When the ratio 
was adjusted to 1:30 with 5 mg/mL CPD 23, the particle size 
grew to 200–300 nm, and PDI to over 0.5.

From the results, the CPD 23:SOL ratio of 1:20 was an 
optimal ratio to modulate the particle size, because the excess 
amount of SOL might lead to self-aggregation of CPD 
23@SOL micelles. Additionally, the Zeta potential floated 
from approximate −0.2 mV to 0.5 mV, indicating that both 
blank SOL micelles and CPD 23@SOL micelles were 

essentially free of charge (Table 2). The TEM and DLS results 
demonstrated that self-assembled CPD 23@SOL micelles had 
excellent micellar shapes and moderate particle sizes at liquid 
state, meanwhile the solid state was of interest to be 
characterized.

X-Ray Powder Diffraction
The prepared CPD 23@SOL micelles were characterized 
to be stable yellow brown opalescent liquid, and spherical 
shapes with particulate size of around 200 nm and good 
dispersity index. Further, X-ray powder diffraction 
(XRPD) was performed to identify the powder states of 
the CPD 23 powder, SOL powder, CPD 23@SOL physical 
mixture (PM) and CPD 23@SOL solid dispersion (SD). 

Figure 2 The particle size characterizations of CPD 23@SOL micelles and blank SOL micelles. 
Notes: The TEM images of CPD 23@SOL micelles (A) and blank SOL micelles (B) (bar scales: 100 nm and 1 μm); the particle size distribution of CPD 23@SOL micelles 
(C) and blank SOL micelles (D) by DLS method.

Table 2 The Average Particle Sizes, PDI and Zeta Potentials of the Formulated CPD 23@SOL Micelles

CPD 23:SOL (w/w)a CPD 23 (mg/mL) SOL (mg/mL) Particle Size (nm) PDI (nm) ζ (mV)

0:20 0 60 71.3 ± 3.6 0.12 ± 0.03 0.02 ± 0.003

1:20 1 20 63.7 ± 1.6 0.19 ± 0.01 −0.21 ± 0.08
1:20 2 40 100.7 ± 11.6 0.20 ± 0.02 0.54 ± 0.06

1:20 3 60 155.7 ± 8.7 0.23 ± 0.02 −0.14 ± 0.25

1:30 5 150 273.9 ± 26.3 0.58 ± 0.09 0.08 ± 0.12

Notes: aw/w is the weight ratio of CPD 23 to SOL; particle size: the average sizes based on Intensity; Data were presented as Mean ± SD; n ≥ 3. 
Abbreviations: SOL, Soluplus®; PDI, polydispersity index; ζ, Zeta potential.
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The crystalline CPD 23 showed a spectrum with multiple 
peaks while the amorphous SOL powder featured with two 
flat peaks as shown in Figure 3. For CPD 23@SOL PM, 
characteristic peaks at 2θ angles of 7.6302 °, 16.1027 ° 
and 18.8456 ° still appeared, which were similar to those 
sharp peaks in CPD 23 powder, demonstrating that CPD 
23 kept crystalline state when it was only physically mixed 
with SOL, and also when given inadequate SOL as our 
previous report showed.17 Conversely, these prominent 
peaks essentially disappeared in CPD 23@SOL (1:20) 
SD after the formulating preparation and the resulting 
flat peaks were similar to those in SOL, suggesting that 
the crystalline CPD 23 was converted to the amorphous 
form.26 Therefore, CPD 23 was verified to show amor-
phous state with SOL in solid dispersion.

Tumor Cell Growth Inhibition
Apart from the chemical characterizations, the formulated 
CPD 23@SOL micelles in biological and pharmaceutical 
perspectives arouse more interest. In the following, we 
used the EZMTT assay to determine and compare the inhi-
bition activities of CPD 23 (in PBS with 1% DMSO) and 
CPD 23@SOL micelles in H22 mouse hepatoma cells and 

A549 human non-small cell lung cancer cells (NSCLC).35 

As shown in Figure 4 and Table S2, both CPD 23@SOL 
micelles and free CPD 23 achieved 60–80% growth inhibi-
tion to H22 and A549 cell lines, whereas the blank SOL 
micelles essentially showed no inhibition even at concentra-
tions more than 30 μM. It demonstrated that blank SOL 
micelles displayed no toxicity to the tested tumor cells, 
neither interference to the inhibitory activity of CPD 23. 
The cell growth inhibition curves and IC50 values showed 
that the CPD 23@SOL micelles presented similar activity to 
that of free CPD 23 (IC50: 1.8–2.9 μM for H22 cells and 
0.01–0.04 μM for A549 cells), which indicated that micelles 
did not reduce the potency of the CPD 23. Although the 
CPD 23@SOL micelles kept considerable cell growth inhi-
bition, the biological compatibility and stability in animal 
blood or tissues were more important to be investigated for 
this CPD 23 micellar system.

The Blood Stability and Plasma/Blood 
Partition
As blood plays the key role in delivering and distributing 
active chemicals to the organism, the stability of compounds 
exposed to blood is of great importance. According to the 
previous report, 1,3,4-Selenadizole structures showed mod-
erate stability in blood.10 Here, the blood stability and 
plasma/blood cell pellets partition of CPD 23@SOL 
micelles were investigated with the DMSO extraction 
method and the RP-HPLC system for analysis and quantifi-
cation. After 2 h incubation in blood, 86.2 ± 0.4% CPD 
23@SOL micelles were found remaining, whereas the free 
CPD 23 only had 75.0 ± 1.1% CPD 23 left; the results 
indicated that the SOL micelles helped to keep CPD 23 
more stable in blood (Figure 5A).

Additionally, there were some differences on the plasma 
and blood cell pellets partition of free CPD 23 and CPD 

Figure 4 The in vitro inhibition of free CPD 23 and CPD 23@SOL micelles to (A) H22 mouse hepatoma cells and (B) A549 human non-small cell lung cancer cells by 
EZMTT assay. 
Notes: Data were presented as mean ± SD; n=3. 
Abbreviation: EZMTT, 2-(3-(2-methoxy-4-nitrophenyl)-2-(4-nitrophenyl)-2H-tetrazol-3-ium-5-yl)benzenesulfonate sodium salt.

Figure 3 The identification of CPD 23 and CPD 23@SOL solid dispersion by 
XRPD. 
Notes: The diffractograms of CPD 23 powder (1), SOL powder (2), CPD 23@SOL 
physical mixture (PM) (3) and CPD 23@SOL solid dispersion (SD) (4) were 
produced by XRPD method.
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23@SOL micelles. In Figure 5B, about 70% free CPD 23 
was found partitioned in plasma, but it almost fell by half 
after 2 hours incubation, while the rest 30% in blood cell 
pellets was slightly increased. Compared with this, CPD 
23@SOL micelles stayed at about 70% distribution in 
plasma and essentially kept the same amount in blood cell 
pellets. The difference might be ascribed to the SOL micel-
lar system, which protected the CPD 23 from exposure to 
blood red cells so that it maintained essentially unchanged 
plasma partition, but the free CPD 23 was exposed to the 
blood and metabolized faster. It can also be clearly seen that 
the partition of both free CPD 23 and CPD 23@SOL 
micelles in plasma was largely proportioned compared to 
that in blood cell pellets, indicating that the plasma concen-
tration of CPD 23 could be used to evaluate the in vivo 
pharmacokinetic study. Moreover, different from the free 
CPD 23, the CPD 23@SOL micelles gained stronger storage 
and slower metabolization in plasma, which might contri-
bute to efficient delivery to tissues or stable body circulation.

Liver Microsomal Stability
Taking coumarin as the positive control, the 4-hour mouse 
liver microsome experiments were carried out for CPD 
23@SOL micelles. In Figure 6, after 4 hours incubation, 
the control coumarin level was dropped to 10.7 ± 2.2%, the 
level of free CPD 23 to 34.4 ± 9.5%, and interestingly CPD 
23@SOL micelles 66.1 ± 7.6% of in liver microsome, 
demonstrating that CPD 23@SOL micelles showed signifi-
cantly higher liver microsomal stability than free CPD 23. 
Further, 3 times longer half-life (t1/2) and over triple lower 
clearance of CPD 23@SOL micelles than those of free CPD 
23 were obtained (Table 3). Taken together, SOL micelles 
showed increased stability of CPD 23 in liver microsomes, 
and was expected to make longer in vivo circulation and 
better exposure or bioavailability of CPD 23.

In vivo Pharmacokinetic Study
The pharmacokinetic study was performed by intravenous 
(IV) administration to evaluate the CPD 23 vehicle and 
CPD 23@SOL micelles. AUC curves and pharmacokinetic 
parameters were shown in Figure 7 and Table 4. After tail 
vein injection with dose of 20 mg/kg (CPD 23) in 24 
hours, the CPD 23 vehicle showed an AUC0-24 h of 6.6 ± 
0.6 h·μg/mL, Cmax of 7.7 ± 0.3 μg/mL, and t1/2α of 1.22 ± 
0.15 h, whereas CPD 23@SOL micelles displayed the 
increased AUC0-24 h, Cmax and t1/2α to 120.4 ± 15.3 
h·μg/mL, 74.0 ± 1.2 μg/mL and 3.55 ± 0.25 h, respec-
tively. The plasma concentration of CPD 23 vehicle 
decreased fast to negligible level, more swiftly than that 
of CPD 23@SOL micelles. Meanwhile, the CPD 23@SOL 
micelles exhibited over 18 times improved relative expo-
sure in comparison with CPD 23 vehicle, whereas the 
clearance (CL) was significantly slowed down. Besides, 
the higher apparent volume of distribution (Vd) in CPD 23 
vehicle suggested that it had lower plasma concentration 
of CPD 23 but larger distribution in tissues, while the 
lower Vd in CPD 23@SOL micelles indicated higher 
compound concentration in plasma and fewer tissue 

Figure 5 The stability of free CPD 23 and CPD 23@SOL micelles in blood and their partitions in plasma and blood cell pellets. 
Notes: Incubated with free CPD 23 and CPD 23@SOL micelles for 2 h, (A) the blood stability, (B) plasma partition and blood cell pellets partition of CPD 23 were 
determined; **P < 0.01, ***P < 0.001, CPD 23@SOL micelles significantly higher than free CPD 23; ##P < 0.01, CPD 23@SOL micelles significantly lower than free CPD 23, 
n=3.

Figure 6 The stability of free CPD 23 and CPD 23@SOL micelles in mouse liver 
microsome. 
Notes: Coumarin was used as the positive control. *P < 0.05, CPD 23 versus CPD 
23@SOL micelles; mean ± SD, n=3.
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distribution.38 Accordingly, the PK results indicated that 
SOL not only significantly enhanced the exposure but also 
prolonged in vivo circulation of CPD 23, which promoted 
us for further investigation of the tissue biodistributions.

In vivo Pharmacokinetic Biodistribution
Biodistribution is a critical PK parameter with important 
therapeutic significance. Therefore, we investigated the 
level of CPD 23 distributed in several tissues via IV 
administration at 20 mg/kg (CPD 23) dose of both CPD 
23 vehicle and CPD 23@SOL micelles. The AUC curves 
based on CPD 23 level (the amount of CPD 23 versus 
tissue weight) versus dosed time were generated for phar-
macokinetics evaluation.

As shown in Figures 8 and 9, CPD 23 vehicle was 
found at low level in brain, liver, kidney, at mild level in 
heart and spleen, but abundantly aggregated in lung within 
24 hours. Surprisingly, for CPD 23@SOL micelles, the 
CPD 23 level in lung dropped by more than twenty folds, 
but significantly increased distribution in liver, spleen and 
kidney were observed.

In terms of the total amount of CPD 23@SOL micelles 
in tissues, much higher level of CPD 23 in liver were also 
found than that in other tissues (Figure S2A), whereas the 
CPD 23 vehicle showed the highest in lung (Figure S2B). 
The difference between them might essentially be 

attributed to the different delivery carriers. Via the intra-
venous administration, CPD 23@SOL micelles with 200 
nm particle size were primarily removed by the reticuloen-
dothelial system (RES) and deposited by Kupffer cells in 
liver or spleen.39 However, the abundant CPD 23 vehicle 
retained in lung indicated that it had difficulty passing 
through the pulmonary vascular bed, in which some larger 
particulates (more than 500 nm) might be formed in the 
delivery process and essentially originated from the poor 
solubility and unsatisfactory stability.40,41 Therefore, CPD 
23@SOL micelles enhanced solubility and improved sta-
bility produced encouraging pharmacokinetic biodistribu-
tion profiles for further formulation and efficacy 
investigation of CPD 23 and more potent glutaminolysis 
allosteric inhibitors.

Discussion and Conclusions
Poor water solubility has seriously limited the in vivo 
bioavailability and efficacy of the developed KGA allos-
teric inhibitors. Multiple drug delivery systems (DDS) and 
commonly-used excipients have been explored for potent 
allosteric inhibitors including the 1,3,4-Selenadiazole 
compound (CPD 23), but only limited solubility improve-
ment has been achieved.10,17 Interestingly, Soluplus® has 
many advantageous and versatile properties,18 so we 
investigated SOL as the excipient to formulate nano- 
micelles to address the solubilization problem.

As is reported, SOL assembles micelles itself through 
the polyvinyl caprolactam-polyvinyl acetate-polyethylene 
glycol grafted structure, within which the hydrophobic 
regions interact with lipophilic molecules to form strength-
ened hydrophobic core and the hydrophilic region contri-
butes to prevent the compound incorporated inside the 
core from precipitation.20,42 Due to the high CLogP and 
hydrophobicity, CPD 23 showed strong compatibility with 
SOL and achieved 15,000-fold enhancement in water solu-
bility as the micellar system. The prepared CPD 23@SOL 
micelles presented particle sizes at around 200 nm with 
good dispersity index, and in amorphous solid dispersion 

Table 3 The T1/2 and Clearance Rates of Free CPD 23, CPD 23@SOL Micelles and Coumarin in Mouse Liver Microsome

Tested Samples Fitted Equation ke t1/2 (h) CL (L/h/g)

Free CPD 23 lnC = −0.2418t + 4.4704; R2 = 0.9738 −0.2418 2.87 29.0 ± 1.2
CPD 23@SOL micelles lnC = −0.0677t + 4.4363; R2 = 0.9605 −0.0677 10.24 8.1 ± 0.6

Coumarin lnC = −0.5783t + 4.6404; R2 = 0.9922 −0.5783 1.20 69.4 ± 2.3

Note: Data were presented as Mean ± SD, n ≥ 3. 
Abbreviations: ke, the slope of the relationship of lnC (compound concentration) and t (incubation time); t1/2, half-life; CL, Clearance of CPD in the mouse liver 
microsome; R2, the coefficient of determination.

Figure 7 The AUC (Conc.-time) curves of in vivo pharmacokinetics of CPD 23 
vehicle and CPD 23@SOL micelles via intravenous administration with dose of 
20 mg/kg. 
Notes: Conc.-time: the concentration of CPD 23 in plasma versus dosed time 
point; Data were presented as mean ± SD; n=3. 
Abbreviation: AUC, the area under curve from 0 h to 24 h.
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state as characterized by XRPD showing excellent 
compatibility.

Interestingly, the CPD 23@SOL micelles greatly 
changed the biophysical and pharmacological properties 
of CPD 23, even though both showed essentially the 
same activity in inhibiting the cancer cell proliferation. 
The CPD 23@SOL micelles showed excellent stability 
in mouse blood, and more steady partition in plasma than 
that of free CPD 23 due to the protection of the hydro-
philic core-shell.43 In addition, the CPD 23@SOL 
micelles also showed longer half-life and lower clear-
ance in liver microsome. In the in vivo pharmacokinetic 
study, CPD 23@SOL micelles markedly increased the 
in vivo exposure and prolonged circulation of CPD 23 in 

comparison with the CPD 23 vehicle. Importantly, CPD 
23 vehicle massively aggregated in lung, whereas the 
CPD 23@SOL micelles accumulated in liver. This dra-
matic difference implied that their delivery pathways 
might be influenced by the formulated carriers with 
different characteristics, in which CPD 23@SOL showed 
superior solubility and stability than CPD 23 
vehicle.39,40 These results indicated CPD 23@SOL 
micelles showed highly stable in blood and live micro-
some, improved relative exposure and liver targeting 
function.

In summary, Soluplus® demonstrated impressive cap-
ability to solubilize the novel hydrophobic 
1,3,4-Selenadiazole CPD 23. CPD 23@SOL micelles not 

Figure 8 The biodistribution of CPD 23 vehicle and CPD 23@SOL micelles in tissues of (A) brain, (B) heart, (C) liver, (D) spleen, (E) lung and (F) kidney via intravenous 
administration at the dose of 20 mg/kg CPD 23. 
Notes: The retaining CPD 23 was quantified by HPLC and presented by the ratio of the CPD 23 amount versus the weight of tissue (mean ± SD; n=3).

Table 4 The Pharmacokinetic Parameters of CPD 23 Vehicle and CPD 23@SOL Micelles

PK Parameters CPD 23 Vehicle CPD 23@SOL Micelles

Administration IV IV
Dose (mg/kg) 20 20

AUC0→24 h (h·μg/mL) 6.6 ± 0.6 120.4 ± 15.3**

Cmax (μg/mL) 7.7 ± 0.3 74.0 ± 1.2***
Vd (L/kg) 1.29 ± 0.63 0.18 ± 0.09

t1/2α (h) 0.022 ± 0.001 0.124 ± 0.006**

t1/2β (h) 1.22 ± 0.15 3.55 ± 0.25**
CL (L/h/kg) 2.95 ± 0.32 0.16 ± 0.02**

Relative Exposure (%) 100 1824 ± 56

Notes: **P < 0.01; ***P < 0.00; Mean ± SD, n=3. 
Abbreviations: PK, pharmacokinetics; IV, intravenous injection; AUC0→24 h, the area under the curve in 0–24 h; Cmax, the peak concentration of CPD in plasma; Vd, the 
apparent Volume of distribution; t1/2α, distribution half-life; t1/2β, elimination half-life; CL, the clearance of CPD in the plasma; Relative Exposure, percentage of 
AUC0→24 h(CPD 23@SOL micelles)/AUC0→24 h(CPD 23 vehicle), taking the CPD 23 vehicle as control.
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only increased the water solubility by 15,000 folds, but 
also improved the stability in blood and liver microsome. 
Importantly, the stable CPD 23@SOL micelles showed 
enhanced in vivo exposure, prolonged circulation and 
altered tissue targeting property. This represents an advan-
tageous and practical method for improving the solubility 
and in vivo pharmacokinetics of potent hydrophobic allos-
teric glutaminase inhibitors.
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