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Glutaminolysis inhibitors have shown early promise in cancer therapeutics. Specifically, kidney-type
glutaminase (KGA) has been a long-standing anti-tumor drug target; KGA allosteric inhibitors have
attracted great attention due to their superior enzyme specificity and good drug safety profiles.
However, the main issue with allosteric inhibitors—including BPTES, CB-839, and the recently developed
KGA allosteric and glutamate dehydrogenase (GDH) dual inhibitor, Hexylselen (CPD-3B)—is their low
solubility; it leads to limited in vivo efficacy. To optimize their formulation, various delivery carriers were
screened in the present study. Soluplus® (SOL), an amphiphilic graft polymer, showed an interesting
structure—solubility/activity relationship with Selen molecules containing different middle chain sizes.
Among these molecules, the long chain molecule CPD-3B showed 3000-fold increased solubility with
SOL, forming well-dispersed and stable micelles 60-80 nm in size. Moreover, CPD-3B@SOL micelles
exhibited good metabolic stability in both blood and liver microsomes. These advantages significantly
enhanced the bioavailability and in vivo antitumor efficacy of CPD-3B@SOL micelles in the H22
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hepatocarcinoma xenograft mouse model. Thus, the current study provided a practical delivery system

rsc.li/rsc-chembio for allosteric inhibitors of glutaminase, which is one of the bottlenecks of targeting tumor glutaminolysis.
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1. Introduction

Glutaminolysis inhibitors have shown early promise in cancer
therapeutics.” Specifically, kidney-type glutaminase (KGA) has
been a long-standing anti-tumor drug target; as a KGA active
site inhibitor, 1-6-diazo-5-oxonorleucine (DON) showed efficacy
in cancer treatment early in 1979, but its high toxicity prevented
its use as a drug.” The recent development of a pro-drug,
JHUO083, has brought the DON molecule back under
consideration.® KGA allosteric inhibitors have also attracted
great attention due to their superior enzyme specificity and good
drug safety profiles. However, the main issue with the allosteric
inhibitors, such as bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-
yl)ethyl sulfide (BPTES) and CB-839 (Telaglenastat), is their low
solubility, which leads to limited in vivo efficacy.”” Efforts have
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been made to improve the solubility of CB-839 through
medicinal chemistry® and that of BPTES through drug
formulation.”

Interestingly, the allosteric inhibitor Hexylselen (CPD-3B;
Fig. 1A) displayed complete growth inhibition at the cellular
level and improved in vivo antitumor efficacy,®® while CB-839
and BPTES only showed partial growth inhibition at the cellular
level.'® This was demonstrated by targeting both glutaminase
(GLS) and glutamate dehydrogenase (GDH) to completely block
glutaminolysis. However, further studies of in vivo efficacy were
limited by its poor solubility in various tested solvents (aqueous
solution at 1 mg mL™" in the optimized vehicles).

As a selenazol-3(2H)-one dimer with a six-carbon straight
middle chain, CPD-3B is very flexible; this might cause its low
solubility in water and aqueous solvents (Table S1, ESIY).
However, based on the Like Dissolves Like rule, if any
appropriate excipients showed similar physical characteristics
to CPD-3B, their molecular interaction would likely provide
considerable solubility."* Thus, a delivery system formed
with amphiphile polymeric materials’*> might be suitable for
CPD-3B.

Due to their high capacity for increasing the solubility,
stability, and bioavailability of water-insoluble drugs or even
tumor site targeting features,"*'* multiple amphiphile
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Fig. 1 The chemical structures of Selen compounds and the polymer Soluplus®. (A) Selen compounds included CPD-B, CPD-1B, CPD-2B and CPD-3B;

(B) Soluplus® (SOL).

polymeric materials and some modified or responsive
polymers'>'® especially for chemotherapeutic agents have gained
much attention and favor. Some biodegradable copolymers'”'®
have been extensively investigated for drug delivery systems'® and
even approved by the Food and Drug Administration (FDA) and
used for clinical treatment of carcinoma.?®*" The widely used
polyvinyl caprolactam-polyvinyl acetate-polyethylene glycol
(PVCap-PVA-PEG, 13%/57%/30%, respectively) graft copolymer
Soluplus”, also called SOL (Fig. 1B), possesses a low ecritical
micellar concentration (CMC) of 7.6 pg mL ™", as well as low
toxicity and moderate amphiphilic properties.**

Because of its high drug-loading capacity and surfactant
property,”® SOL shows excellent solubilizing and anti-diluting
features for active pharmaceutical ingredients (APIs) in the
Biopharmaceutical Classification System (BCS) group II (this
system is a valuable tool for guiding drug-like candidates and
exploring pharmaceutical formulation in the early stages of
development).”* SOL can also form nanocarriers to keep the
drug saturated in gastrointestinal absorption and sustain its
release behavior.>®

Due to its versatile features, SOL is usually prepared as a
solid dispersion,>®*” nano-emulsion,>® nano-micelle,>**
thermosensitive hydrogel,®**? or transparent film** to increase
the solubility and bioavailability of APIs. Recent reports have
demonstrated that SOL can form composites with excipients,
such as Pluronic®, Solutol HS15, hyaluronic acid-ceramide
(HACE), and p-a-tocopheryl polyethylene glycol 1000 succinate
(vitamin E TPGS), thereby helping antitumor drugs to avoid
toxic agents, achieve higher intestinal epithelial adsorption and
better target cancer sites.”” Therefore, SOL might formulate a
micelle with CPD-3B to overcome the issues of solubility.

This study investigated the solubility and loading efficiency
of SOL using selenazol-3(2H)-one dimers (Selen compounds)
with different middle chain sizes (Fig. 1A) to explore the
structure-solubility/activity relationship (SAR). SOL increased
the solubility of CPD-3B by orders of magnitude, and the
resulting colloidal and solid states of CPD-3B@SOL were
characterized by Malvern dynamic light scattering (DLS),
transmission electron microscopy (TEM), and X-ray powder
diffraction (XRPD). The CPD-3B@SOL micelles
internalized by tumor cells, as shown under a fluorescence
microscope, and they also demonstrated good stability in blood
and mouse liver microsomes. Importantly, the CPD-3B@SOL

were
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micelles showed significantly improved pharmacokinetics and
in vivo antitumor efficacy.

2. Experiments

2.1 Materials and chemical reagents

The chemical syntheses of CPD-B, CPD-1B, CPD-2B, and CPD-3B
have been reported previously.? Soluplus® was gifted by BASF
Ltd. (Ludwigshafen, Germany). Hepatoma (H22) and lung cancer
(A549) cell lines were purchased from the Shanghai Institute of
Biochemistry and Cell Biology of Chinese Academy of Sciences
(Shanghai, China). RPMI1640 medium was purchased from
M&C Gene Tech, Inc. (Beijing, China), and fetal bovine serum
(FBS) was purchased from Zhejiang Tianhang Biotech, Inc.
(Deqing, China). EZMTT detection reagents were obtained from
JNF Bioscience, Inc. (Hangzhou, China). ICR mice (SPF) were
purchased from the Zhejiang Institute of Medical Science
(Hangzhou, China) and treated in compliance with ethical stan-
dards. All animal experimental procedures were conducted in
conformity with institutional guidelines for the care and use of
laboratory animals in Zhejiang University of Technology, Hang-
zhou, China, and the National Institutes of Health Guide for Care
and Use of Laboratory Animals (Publication No. 85-23, revised
1996). ICR/CD1 mouse liver microsomes were purchased from the
Research Institute for Liver Diseases, Inc. (Shanghai, China).
Coumarin was provided by Meryer Chemical Technology,
Inc. (Shanghai, China). NADPNa, was purchased from Shanghai
Yuanye Biotech, Inc. (Shanghai, China). Glucose-6-phosphate
(G6P) and G6P dehydrogenase (G6PDH) were purchased from
Plant Cell Biotechnology, Inc. (Beijing, China). Chromatographic
grade methanol was obtained from Tedia, Inc. (USA), and
phosphate buffer saline (PBS) was purchased from Solarbio
Inc. (Beijing, China). Milli-Q water (Millipore, Bedford, MA,
USA) was used throughout the study, and all other reagents were
of analytical grade.

2.2 Solubility of Selen compounds

Powders (more than 2 mg per vial) of Selen compounds (CPD-B,
1B, 2B, and 3B) were treated with distilled water, DMSO, or
1%, 5%, 10%, or 20% SOL in distilled water (1 mL each).
The resulting mixtures were shaken at 25 °C for 24 h, and then
the supernatants were collected by centrifugation (10000 rpm

© 2021 The Author(s). Published by the Royal Society of Chemistry
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for 5 min) and filtration. This was followed by reversed-phase
high-performance liquid chromatography (RP-HPLC)® to
quantify the dissolved Selen compounds.

2.3 Preparation and formulation of Selen@SOL micelles

The thin film dispersion method was used to prepare Selen@SOL
micelles. Briefly, Selen compounds (5 mg) and SOL (50-100 mg)
were completely solubilized in a mixture of dichloromethane and
ethanol (1:4, v/v) or pure methanol (for CPD-B and 2B) by
ultrasonication. The organic solvent was then evaporated under
a vacuum of —0.1 MPa at 40-42 °C until dry. The obtained thin
layer was washed and hydrated with sterile physiological saline
(0.9% NaCl solution) to form CPD-3B@SOL micelles. These were
stored at 4 °C and filtered with a 0.45 pm acetate fiber membrane
(zhejiang SORFA Medical Plastic, Deqing, China) to remove
the undissolved residue. The optimal input ratios of Selen
compounds and SOL were screened by determining the stability
of the prepared micelles, which was monitored by observing the
compound precipitation within 24 h at room temperature.

2.4 Encapsulation efficiency and drug loading

Encapsulation efficiency (EE%) was measured mainly based on
the percentage of the compounds entrapped within the isolated
micelles. Because Selen compounds have limited solubility in
physiological saline or PBS (pH = 7.4; lower than 5 pg mL %),
their concentrations are far lower outside the micelles than
inside the micelles. Therefore, prepared Selen@SOL micelles
were centrifuged at 3000 rpm for 10 min to remove visible
precipitated compounds and then filtered through a 0.45 pm
acetate fiber membrane to isolate the invisible Selen compounds.
Then, the filtered micelles (0.2 mL) were disrupted by methanol
(10-50 fold) and quantified by RP-HPLC as previously described.'°
The EE% and drug loading (DL%) were calculated using eqn (1)
and (2), respectively. All samples were analyzed three times to
obtain the mean =+ standard deviation (SD; n = 3).

Weight of loaded CPD in micelles
Weight of input CPD

EE% = x 100% (1)

Weight of loaded CPD in micelles
Weight of input CPD + Weight of input exipient

DL% = x 100%

(2)

2.5 Particle size and morphology observations

The average particle size (intensity) and zeta potential ({) of
CPD-3B@SOL micelles or blank SOL micelles were measured by DLS
using a Malvern system (Nano SZ, MAL1077746, Malvern Instru-
ments, Worcestershire, UK). The polydispersity index (PDI) was
determined for assessing the particle size distribution. The morphol-
ogy of micelles was observed by TEM (JEM-1200EX, NEC, Japan).

2.6 X-ray powder diffraction

The crystalline states of CPD-3B, SOL, ground CPD-3B@SOL solid
dispersed powders (beneath 200 mesh), and the CPD-3B@SOL
physical mixture were determined by XRPD (D2 PHASER, Bruker
AXS GMBH, Karlsruhe, Germany). On the disc of a diffractometer,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the samples were tiled and exposed to Cu-Kao radiation under
40 kv and 25 mA over the 20 range of 3-40 degrees, with a
scanning speed of 0.03 degree per min. Diffractograms of the
fresh CPD-3B@SOL dispersed powders and ones stored at 25 °C
for about 1 year were compared.

2.7 Storage stability

The optimized CPD-3B@SOL micelles were stored at 4 °C for 1,
5, and 10 days (n > 3). Then, the average particle size, PDI,
EE%, and DL% were measured to optimize the storage
conditions to achieve micelle stability.

2.8 In vitro release of CPD-3B

The dialysis method®” was used to investigate the in vitro release
behavior of CPD-3B from CPD-3B@SOL micelles. In short, 1-2 mL
of CPD-3B@SOL micelles prepared with the optimal prescription
were loaded into a dialysis bag with a molecular weight cut-off of
8000-14 000 Da and placed in 200 mL of PBS (pH = 7.4) mixed
with 0.5% sodium dodecyl sulfate (SDS) as the release medium at
37 °C. The dialyzed bag was magnetically stirred at 100 rpm
and continuously incubated at 37 °C for several days. At pre-
determined time points, 5 mL of release medium was withdrawn
from the system, and 5 mL of fresh medium was remedied.
The amount of released CPD-3B was quantified by RP-HPLC to
produce the release curve. Meanwhile, the CPD-3B vehicle
prepared using a previously reported method® was determined
to obtain the comparative CPD-3B release profile.

2.9 In vitro antiproliferation assay

The in vitro anti-tumor activity of free CPD-3B (in PBS with 1%
DMSO) and CPD-3B@SOL micelles was evaluated via an
EZMTT-based cell proliferation assay using the liver cancer cell
line H22 and the non-small cell lung cancer cell line A549.%
Briefly, cells (4 x 10° per well) were seeded in a plate for 4 h and
then treated with a series dilution of a CPD-3B DMSO solution
(0-10 puM final), CPD-3B@SOL micelles (0-10 puM final), and
blank SOL micelles (< 1% DMSO final) for 5 days. Viable cells
were quantified using the absorbance of optical density at
450 nm (ODgsonm) after adding EZMTT reagents for 2-3 h
incubation. The inhibition of specimens to tumor cells was
calculated using eqn (3). The tests were repeated in triplicate in
at least two independent experiments.

ODsumple — ODblank
ODcontrol - ODblunk

Inhibition to tumor cells% = (1 ) x 100%

2.10 Cellular uptake of CPD-3B micelles

In a 96-well plate, H22 hepatoma cells were seeded (7.5 X
10* per well) and grown in RPMI-1640 medium with 10% FBS in
5% CO, incubator at 37 °C. The cells were then treated with free
CPD-3B (in 1% DMSO-PBS buffer), CPD-3B@SOL micelles
(30 uM final), or blank SOL micelles in fresh medium for 0.5,
2, 8, 12, 24, and 48 hours. At each time point, the cells
were collected by centrifugation to remove the culture media.
They were then washed once with PBS (300 pL), resuspended in

RSC Chem. Biol., 2021, 2,1669-1681 | 1671
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PBS (50 uL) and placed in new wells. The uptake of CPD-3B into
H22 cells was observed based on the fluorescence intensity of
CPD-3B in DAPI mode (excitation = 340-360 nm; emission =
450-490 nm) using a fluorescence microscope (Olympus,
LB10W-4251, Japan). Meanwhile, the cells were captured in
visual light or bright field (BF) mode.

2.11 In vitro stability in blood

The stability of the CPD-3B in blood was measured by the
B-mercaptoethanol (BME) derivatization method.”” Briefly,
fresh heparin-containing mouse blood (200 pL) in 1.5 mL tubes
was preheated at 37 °C, then treated with 1 mM of CPD-3B
vehicle® (5 pL; the vehicle contained 5% ethanol, 5% Tween80,
10% PEG400 and 3% F68 in PBS buffer and was used in the
following experiments) or CPD-3B@SOL micelles (5 puL). After
gentle mixing, it was incubated in a 37 °C water bath for 2 min,
5 min, 10 min, 30 min, 1 h, and 2 h. Aliquots of the blood
mixtures were derivatized with 1 M of BME (18 pL) in 10 mM of
KH,PO, buffer (pH = 7.4; 100 pL), using Ebselen (1 mM final) as
the inner standard. Ethyl acetate (700 L) was used to terminate
the reaction 3 h later and extract the BME derivatives of
CPD-3B, along with the inner standard. The ethyl acetate
extracts were dried and redissolved in methanol for HPLC
quantitative analysis (detailed analytical data presented in
Fig. S1, ESIt). Samples were tested in triplicate.

2.12 Stability in liver microsomes

The stability of CPD-3B in liver microsomes was tested according to
the authors’ previous report,'® using coumarin as the positive
control. Briefly, 50 uM of CPD-3B vehicle’ (CPD-3B@SOL micelles
or coumarin; 10 pL) was preincubated with mouse liver microsomes
(0.5 mg mL™") in PBS (100 pL, pH = 7.4) at 37 °C for 5 min. The
reaction was then initiated by the addition of an NADPH-generating
system (final: 3 mM NADPH, 7.2 mM MgCl,, 6 mM G6P, and 3
units of G6PDH). Subsequently, the mixtures were incubated at
37 °C in a water bath for 5 min, 10 min, 30 min, 60 min, 2 h, and
4 h, respectively. Followed by 3 hours of BME derivatization, the
inner standard was added to the mixtures and the reaction was
terminated by ethyl acetate. The samples were stored at —20 °C until
RP-HPLC analysis. The obtained half-time life (¢,,) and intrinsic
clearance (CLj,,) were calculated using eqn (4) and (5), respectively.

0.693
iy =— X

1

Cmicrosomal protein

CLim = —ke X

In these equations, k. is the slope of the relationship of In C
(compound concentration) and ¢ (incubated time), and
Crnicrosomal protein 1S the input concentration of microsomal
protein. Experiments were performed in triplicate to obtain
the mean and SD.

2.13 In vivo pharmacokinetics study

The in vivo pharmacokinetic studies were performed in male
ICR mice weighing approximately 20 g. These mice were

1672 | RSC Chem. Biol., 2021, 2,1669-1681
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randomly divided into four groups (n = 3) for each time point
and fasted for 12 h before drug administration with free access
to water. The CPD-3B vehicle® and CPD-3B@SOL micelles were
intraperitoneally (IP) administered with a dose of 25 mg kg ™*
(CPD-3B) and intravenously (IV) by tail vein with 10 mg kg™ . At
predetermined intervals (2 min, 5 min, 10 min, 0.5 h, 1 h, 2 h,
4 h, 8 h,12 h, and 24 h for IV; 15 min, 0.5 h, 1 h, 2 h, 4 h, 8 h,
12 h, and 24 h for IP), aliquots of blood were collected via the
orbital venous plexus and allowed to drip freely into the micro-
collection tube with heparin sodium. Then, the blood samples
were treated with the BME derivatization system described in
section 2.11 to extract and quantify CPD-3B in the blood. Data
from the blood were analyzed for each mouse using DAS 2.0
(DASforeCDM, Shanghai, China). Non-compartmental analysis
was performed, and the pharmacokinetic variables Cy,,, (maximal
drug concentration; pg mL '), Tma (time for maximal
drug concentration; h), and AUC(_, (area under the curve;
pg h mL™") were generated. The elimination half-life (¢/55)
was determined to be 0.693/k (where k is the elimination-rate
constant obtained by the equation, dC/dt = —kC, in which C is
for concentration and ¢ for time). CL was calculated by dividing
the dose by the AUC,_,41. The triplicate experimented data were
expressed as the mean + SD.

2.14 In vivo antitumor evaluation

In vivo antitumor activity was evaluated using a xenograft liver
cancer H22 mouse model. ICR male mice (approximately 20 g
by weight; 5-7 weeks old) were divided into groups, with 6 mice
per group. Diluted liver cancer H22 ascite tumor cells (5.0 x
10° cells per mL; 0.2 mL) were subcutaneously transplanted
into the right armpit of each mouse."® After 24 h, the trans-
planted mice were treated via IV administration with CPD-
3B@SOL micelles (3 mg mL™%; 0.2 mL) and CPD-3B vehicle’
(1 mg mL™"; 0.2 mL) once daily for 10 consecutive days. PBS
vehicle’ (also seen in Section 2.11) and blank SOL micelles were
IV administered as control vesicles. On day 11, animals in all
groups were euthanized humanely to measure their body
weight and collect tumors and blood.

2.15 Data analysis

All experiments were conducted three times, and all values were
expressed as mean =+ SD. Statistical analysis of significance was
performed using SPSS 19.0 (SPSS Inc., USA). The differences
between two groups were evaluated using the two-tailed
Student’s t-test, and values of p < 0.05 (*), p < 0.01 (**), and
p < 0.001 (***) were considered statistically significant and
extremely significant, respectively.

3. Results and discussion

3.1 Improved solubility of CPD-3B

To explore the possible SAR between solubility with SOL and
the chain size of a Selen compound, the solubility of the
compounds in water or SOL solution was measured using
RP-HPLC. Additionally, the CLogPs of Selen compounds were

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The CLogPs and solubility in water and Soluplus® solutions of Selen compounds (25 =+ 2 °C)
Physicochemical index CPD-B CPD-1B CPD-2B CPD-3B
CLOgP” 1.87 2.18 2.56 3.30
Water solubility (ug mL ™) 2-3 4-5 1-3 1-2
Solubility in DMSO (mg mL™") 22 29 51 34
Solubility in Soluplus® solutions? (ug mL™") 1% 4.7 £0.3 115+ 7 42 + 4 167 + 26
5% 13.9 £ 2.1 165 £ 6 116 £ 10 272 4+ 22
10% 15.2 + 0.8 232 + 13 246 + 9 515+ 8
20% 48.2 + 2.4 300 £+ 17 575 + 34 883 £+ 25

“ ClogP: the calculated logP by the online program ALogPS 2.1 (http://www.vcclab.org/lab/alogps/). b The concentrations of 1%, 5%, 10% and 20%
Soluplus® used were 10 mg mL™", 50 mg mL™", 100 mg mL ", 200 mg mL ™", respectively.

the solubility by 20% SOL (solubility from 48 to 882 pg mL™%).
For example, with increasing amounts of SOL (from 0 to 20%),
the solubility of CPD-3B increased nearly 400 times and
reached 0.88 mg mL™". This indicated that the longer middle
chain could produce higher hydrophobicity and could strongly
interact with SOL; the encapsulation in the lipophilic core of
the micellar system significantly enhanced the solubility of

t oy ® l),
% Solublization : Hydration ’\N\/

Soluplus®

Selen Compound Dried film Selen@SOL micelles
B c Selen compounds in aqueous solution.
100 & 109 JcPp:soL = 1:10 3.2 Preparati imi i i

3 : : . paration and preliminary evaluation of Selen@SOL micelles
> |EEcPp:soL=1:20 P @

9 £ The thin layer dispersion method was used to prepare

~ © . . . .

w 50 S 5 self-assembled micelles, since SOL significantly enhanced the
3 solubility of Selen compounds (Fig. 2A). As shown in Fig. 2B,

0 e o when a mass ratio of 1:10 (compound : SOL) was used, CPD-B,
B 1B 2B 3B B 1B 2B 3B

Selen-Compound CPD-1B, and CPD-2B displayed low EE% (<10%) in the SOL

Selen-Compound

Fig. 2 The preparation of Selen@SOL micelles. (A) The preparation
process of Selen@SOL micelles; (B) the encapsulation efficiency (EE)
showing the percentage of the enclosed compound in SOL micelles and
(C) drug loading (DL) showing the amount of the compound in each
Selen@SOL micelle, indicating that a compound : Soluplus® (CPD : SOL)
ratio between 1:10 and 1: 20 might be the optimal condition (the input of
Selen compound: 2 mg mL™! per vial).

calculated using the professional platform ALogPS 2.1
(Table 1). The four Selen molecules containing straight 2, 3,
4, or 6-carbon middle chains showed poor solubility in water
(1-5 pg mL™"), especially CPD-3B which contains a longer
middle carbon linker and higher CLogP. This was the case
even though CPD-3B solubility in DMSO was good, in the range
of about 20-50 mg mL~". Interestingly, polymeric SOL signifi-
cantly increased the solubility; the limited SAR showed that the
longer the middle chain (from 2 to 6 carbon chains), the better

micelles. However, when the mass ratio increased to 1:20
(compound : SOL), CPD-1B and CPD-2B displayed significantly
improved EE% and the corresponding DL% values were in
agreement with the EE%.

CPD-3B showed good interaction with SOL as indicated by
greater than 85% EE% at compound : SOL ratios of both 1:10
and 1:20. Even though 10% higher EE% was achieved with a
1:20 compound SOL ratio, double the amount of SOL used
resulted in lower DL% in 1:20 SOL micelles. This demonstrated
that SOL showed higher solubilizing and encapsulating capacity
for CPD-3B through the preparation methods of the current
study so that the resulting CPD-3B@SOL micelles were further
optimized and used as the delivery system for cancer treatment.

3.3 Morphology characterization of CPD-3B@SOL micelles

For further optimizing the CPD-3B@SOL micelle preparation
procedures, we varied the input compound and SOL

Table 2 The particle size, polydispersity index, encapsulation efficiency, and appearance description of CPD-3B@SOL micelles at different mass ratios

(n > 3)

CPD-3B: SOL w/w Ccppsp (mg mL ™) Csor (mg mL™") Particle size (nm) PDI EE% Description

0:20 0 100 77.7 £1.1 0.18 £ 0.02 — Clear, opalescent
1:10 1 10 634+ 14 0.05 + 0.003 85.1 £ 1.9 Slight precipitation
1:15 1 15 65.8 + 4.2 0.14 + 0.02 95.9 + 1.6 Clear, opalescent
1:20 1 20 64.3 £ 5.2 0.13 £ 0.002 95.6 £ 2.3 Clear, opalescent
1:20 5 100 77.9 £ 2.1 0.17 + 0.02 94.3 £ 6.1 Clear, opalescent

Notes: SOL: Soluplus®™; w/w: weight of CPD-3B/weight of SOL; CCPD-3B: the input content of CPD-3B; CSOL: the input content of Soluplus®™;
particle size: the average sizes of micelles; PDI: polydispersity index; EE: encapsulation efficiency.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The particle characterization of CPD-3B@SOL micelles and blank SOL micelles. (A) At 25 + 2 °C, 5 mg mL™* CPD-3B in CPD-3B@SOL micelles
(SOL = 100 mg mL~?) showed a bright yellow transparent opalescence; (B) TEM images of CPD-3B micelles; (C and D) CPD-3B micelles had average sizes

of about 70-80 nm (C) with good distribution and zeta potential close

to zero mV (D). (E) 100 mg mL™! SOL micelles had light blue transparent

opalescence at 25 + 2 °C; (F) images of blank SOL micelles by TEM; (G and H) average particle sizes at about 70-80 nm and zeta potential close to zero

mV of blank micelles.

concentration, but kept their ratio between 1:10 and 1:20.
Even though CPD-3B@SOL micelles in both 1:10 and 1:20
achieved more than 85% (Table 2), when the input of SOL (1%)
decreased, the encapsulating ability of CPD-3B was weakened
which led to slight precipitation. When high concentration of
SOL was used, the particle size and PDI of the CPD-3B@SOL
micelles mildly increased. In Table 2, when the 10% (or 100 mg
mL ") SOL was used, with or without the CPD-3B, the resulting
micelles showed essentially the same sizes. Using 1-2% SOL
thus resulted in smaller sizes at about 60-70 nm but the EE%
was maintained at 85%-96%. Furthermore, the calculated
aqueous solubility of CPD-3B reached 4.5 mg mL™" at a ratio

2
2 1 CPD-3B powder
Q| TR ~———__ 2Soluplus (SOL)
£ _/""‘/\* 3 CPD-3B@SOL Physical Mixture
4 CPD-3B@SOL SD (1:5)
m 5 CPD-3B@SOL SD (1:20), fresh
0 20 40

20 (degree)

Fig. 4 X-ray powder diffraction characterization. The tested samples
included (1) crystalline CPD-3B, (2) Soluplus® powder, (3) CPD-3B@SOL
physical mixture (PM), (4) and (5) fresh CPD-3B@SOL solid dispersion
(CPD-3B@SOL SD) at respective mass ratios of 1:5 and 1:20, and (6)
CPD-3B@SOL SD (w/w = 1:20) stored for 1 year.

1674 | RSC Chem. Biol., 2021, 2, 1669-1681

of 1:20 (CPD-3B:SOL), which was about 3000-fold improved
solubility in water.

Because of its low CMC, SOL quickly and spontaneously
encapsulated CPD-3B into its hydrophobic core to form
micelles after hydration in water or physiological saline.
The prepared CPD-3B@SOL micelles with yellow transparent
opalescence showed round and oval shapes with good
uniformity under TEM (Fig. 3A and B). This was consistent
with the results of DLS, which found that the average particle
size of CPD-3B@SOL micelles was 60-80 nm and that PDI was
less than 0.2 (Fig. 3C). The average potential close to 0 mV
indicated that both the CPD-3B@SOL micelles and blank SOL
micelles were essentially free of charge (Fig. 3D and H).
Meanwhile, the particle size and PDI of both the blank micelles
and CPD-3B@SOL micelles did not differ, which demonstrated
that the self-assembled SOL micelles had excellent micellar
compatibility with CPD-3B and could be used for further
characterization and biological investigation.

3.4 X-ray powder diffraction

To identify the powder state of the CPD-3B@SOL micelles,
XRPD was performed. As shown in Fig. 4, crystalline CPD-3B
showed a spectrum with multiple peaks, whereas the amorphous
SOL solid featured two flat scattering peaks. CPD-3B@SOL (1:5)
solid dispersion showed two peaks at 26 angles of 10.796 ° and
18.049°; these peaks were similar to those of the physical mixture
of CPD-3B@SOL, which indicated that inadequate SOL caused
incomplete amorphous transformation of CPD-3B from the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The storage stability of CPD-3B@SOL micelles. (A) The particle size
and PDI, and (B) encapsulation efficiency and drug loading of CPD-
3B@SOL micelles were tested in 10 days storage at 4 °C.

crystalline state. The mass ratio (CPD-3B:SOL) was then
increased to 1:20. The peaks at these two 20 angles disappeared,
and the resulting amorphous peaks were essentially the same as
the SOL powder. At a 1:20 mass ratio, the CPD-3B@SOL solid
dispersion was stable at room temperature for about one year.
Therefore, CPD-3B was verified to be highly compatible and
stable with SOL in a solid dispersion.

3.5 Storage stability

When the CPD-3B@SOL micelles were stored in a 4 °C
atmosphere protected from light for 10 days (Fig. 5), the micelles
maintained an average size of 70-80 nm, a PDI lower than 0.2,
and an average EE% and DL% of 93% and 4.5%, respectively. No
significant difference was observed between the first and the
tenth day, which demonstrated that the CPD-3B@SOL micelles
were essentially stable under storage conditions.

3.6 Invitro release

The in vitro release of free CPD-3B and CPD-3B@SOL micelles
was studied in experiments and analyzed via the dialysis
method using PBS with 0.5% SDS (0.5% SDS-PBS) at 37 °C as
the release medium, and the releasing profiles are shown in
Fig. 6. The free CPD-3B exhibited a fast release velocity and
reached more than 80% cumulative release at 24 h, and nearly
100% over 120 h, while CPD-3B cumulatively released about
70% at 48 h and about 80% at 120 h from the CPD-3B@SOL
micelles (Fig. 6). With the stable hydrophobic core of the
polymeric micelles and increased solubility of CPD-3B, the
CPD-3B@SOL micelles tended to show a sustained releasing
profile, which might be advantageous in in vivo delivery and
long circulation.

-
(=3
o

O Free CPD-3B
O CPD-3B@SOL micelles

Cumulative release
CPD-3B (%)

0 24 48 72 96 120

Time (h)
Fig. 6 The in vitro cumulative release profiles of free CPD-3B (5.4 +
0.4 pg mL~? final; 100% release) and CPD-3B@SOL micelles (21 +
2.7 pg mL™% final; 100% release) in 0.5% SDS-PBS (pH 7.4) at 37 °C.
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3.7 Growth inhibition of CPD-3B@SOL micelles

Using EZMTT assay to measure the cellular NAD(P)H level,*®
the inhibitory activities of cancer cell growth by free CPD-3B
(in PBS with 1% DMSO) and CPD-3B@SOL micelles were tested
and compared (Fig. 7 and Table S2, ESIT). Blank SOL micelles
did not show inhibition, even at concentrations above 30 pM,
whereas both CPD-3B@SOL micelles and free CPD-3B achieved
100% inhibition of both H22 and A549 cell lines. As shown
in Fig. 7, the growth inhibition curve showed that the
CPD-3B@SOL micelles had slightly weaker (1-2 uM) activity than
that of free CPD-3B, indicating that micelles did not reduce the
potency of the compound. Although the internalization of
CPD-3B from free CPD-3B and CPD-3B@SOL micelles into
cancer cells might be different, we further investigated its
cellular uptake by a CPD-3B compound fluorescence assay.

3.8 The internalization of CPD-3B@SOL micelles in tumor cells

To further investigate if there is any difference in cellular
uptake between free CPD-3B and CPD-3B@SOL micelles,
fluorescence microscopy (DAPI and BF (bright field) modes)
was used as a direct, quick, and intact method. The CPD-3B had
endogenous emission fluorescence that could be observed
under excitation light. As shown in Fig. 8, when the BF and
fluorescence images were compared after 24 h incubation, H22
cells in the blank SOL micelles were basically round, with no
fluorescence. When CPD-3B (in PBS with 1% DMSO) was
added, cells with fluorescence emerged, and some -cells
showed damage. Interestingly, cells in the presence of the
CPD-3B@SOL micelles (Fig. 8) showed stronger fluorescence
than free CPD-3B, indicating that the CPD-3B@SOL micelles
might be able to retain or stay within the cells more efficiently.
The CPD-3B@SOL micelles showed 700 RFU fluorescence
intensity in the H22 cell lines which was maintained over
400 RFU throughout the 24 hour incubation, whereas the free
CPD-3B peaked at 350 RFU at 2 h and then decreased with time
(Fig. 8M). This demonstrated that CPD-3B could be internalized
directly to tumor cells, easily metabolized, and cleared.
Moreover, SOL micelles might be able to enhance the stability
of CPD-3B, which thus increased its uptake and prolonged its
retention in H22 cells.

3.9 Stability of CPD-3B@SOL micelles in blood and liver
microsomes

According to previous reports,”” Selen compounds, such as
Ethaselen and Ebselen, can cross-link with cellular proteins
through cystein and selenocystein in plasma and blood.*®>°
Therefore, BME derivatization is required as a feasible way to
isolate the compound. To investigate the stability of CPD-3B in
blood and liver microsomes, the BME method was adapted and
coupled with RP-HPLC for analysis and quantification (Fig. S1
and S2, ESIY).

After 2 h incubation in blood, the free CPD-3B and CPD-
3B@SOL micelles showed remaining levels of CPD-3B of 64%
and 80%, respectively, indicating that the CPD-3B@SOL
micelles slowed down the metabolism of CPD-3B (Fig. 9A).
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Fig. 8 Soluplus® micelles enhanced the internalization of CPD-3B in

tumor cell lines H22 by fluorescence microscopy. At 2, 8, and 24 h, images
of H22 cells incubated with (A, D, G and J) blank micelles, (B, E, H and K)
free CPD-3B, and (C, F, | and L) CPD-3B@SOL micelles were captured on
the modes of DAPI and bright field (BF); (M) during the 48 hours incubation,
their fluorescence intensities were quantified and compared (n > 3; *: p <
0.05; **: p < 0.01; ***: p < 0.001).

After incubation in mouse liver microsomes for 4 h, 70% of the
CPD-3B@SOL remained. This was significantly more than free
CPD-3B (below 5%), showing that the micelles helped decrease
the CL;,, of CPD-3B (Fig. 9B and Table S3, ESIT). Therefore, the
SOL micelles increased the stability of CPD-3B in blood and
liver microsomes and may improve the in vivo delivery and
circulation of CPD-3B via blood, decreasing the sensitivity
and clearance of CPD-3B in the liver to realize longer
circulation and improved bioavailability.

1676 | RSC Chem. Biol., 2021, 2, 1669-1681

3.10 In vivo pharmacokinetics of CPD-3B@SOL micelles

Pharmacokinetics were performed through IP and IV adminis-
tration using the CPD-3B vehicle and CPD-3B@SOL micelles to
obtain AUC curves and pharmacokinetic parameters (Fig. 10
and Table 3). When IP administered with 25 mg kg™ dosage,
the curves of the CPD-3B vehicle and CPD-3B@SOL micelles
showed essentially no difference, while the AUC, Cy,ax, and
half-life time (t1/,4) increased with slight significance. In the
abdomen, the CPD-3B@SOL micelles may have been cleared or
adhered by the lymphatic system and ascitic fluid, because
50-700 nm micelles are distributed and absorbed through the
peritoneum and lymphatic duct.*® Therefore, IP administration
might have caused CPD-3B@SOL micelles to be retained in the
peritoneal cavity, thus resulting in no significant enhancement
of CPD-3B@SOL micelle concentration in the blood.** This was
consistent with early reports that nanoparticles and thermo-
sensitive hydrogels are more suitable for peritoneal tumors.***?

After tail vein injection with dose of 10 mg kg™ (CPD-3B) for
the CPD-3B vehicle, the CPD-3B was rarely detectable in the
blood 8 h after the dose, with an AUC of 9.6 pg mL ™" h, Cpay Of
6.6 ng mL™', and CL of 1.02 L h™" kg™ '. In contrast, the
CPD-3B@SOL micellar system lasted for 24 h in blood, and the
AUC and Cp,, increased to 48.4 ug mL ™" h and 68.9 pg mL ™",
respectively. Moreover, due to the high Cy.x and long
maintained concentration at about 1.4 pg mL ™", the relative
bioavailability of the CPD-3B@SOL micelles improved by 504%
of the bioavailability of the CPD-3B vehicle. These results
indicated that SOL relatively enhanced the in vivo bioavailability
of CPD-3B and prolonged its circulation in the blood, probably due
to the significant upgrade in aqueous solubility and blood stability.

3.11 In vivo tumor depression of CPD-3B micelles

The in vivo antitumor efficacy of the CPD-3B vehicle and
CPD-3B@SOL micelles was compared via the intravenous (IV)
administration route. A xenograft H22 tumor model in ICR
mice was utilized for 10 days; the results are shown in Fig. 11.
Using the mixture of PEG, Tween 80, and poloxamer 188 as the
vehicles, the CPD-3B solution showed very poor solubility.
The maximal dosage was 10 mg kg™ ', in which the mean tumor
weight reduction showed no significance with the blank group
via daily IV administration (Fig. 11A and C).

When CPD-3B was encapsulated with SOL, the significant
elevated solubility allowed doses of 20 mg kg™'. At the dose of
20 mg kg™, tumors in the group that received IV-administrated

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 The area under the curve (concentration-time) of the

in vivo pharmacokinetics evaluation. The AUC curves of the CPD-3B
vehicle and CPD-3B@SOL micelles were obtained by (A) intraperitoneal
injection with 25 mg kg™ and (B) intravenous administration with
10 mg kg%

CPD-3B@SOL micelles were significantly suppressed, with 54%
tumor growth inhibition (TGI) compared to both PBS vehicle
and blank SOL micelles (Fig. 11A). Therefore, the limited
solubility in regular excipients limited the in vivo efficacy of
CPD-3B, while the CPD-3B@SOL micelles achieved much better
solubility and stability and better TGI. The improved in vivo
efficacy could have benefited from the higher concentrations in
the blood and the prolonged time of the CPD-3B micelles.
Moreover, no significant difference was found between groups
in terms of the weight of the mice (Fig. 11B), which implied that
the prescribed CPD-3B@SOL micelles showed minimal toxicity
in the animals.
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Fig. 11 The growth inhibition of H22 xenograft tumor via intravenous (IV)
administration of the 10 mg kg~* CPD-3B vehicle (maximal concentration
available) and 20 mg kg™' CPD-3B@SOL micelles. (A) Hepatoma H22
tumor weight; (B) body weight of mice; and (C) the image of H22 solid
tumors of the mice in all treated groups (IV). (Blank@PBS: PBS vehicle;
Blank@SOL: blank Soluplus micelles; 3B@PBS or CPD-3B@PBS: CPD-3B
vehicle; 3B@SOL or CPD-3B@SOL: CPD-3B@SOL micelles; SOL:
Soluplus®; n = 6; n.s.: no significance, p > 0.05; ***: p < 0.001).

Table 3 The in vivo pharmacokinetic parameters of CPD-3B vehicle and CPD-3B@SOL micelles via intraperitoneal and intravenous administration

PK parameters CPD-3B vehicle

CPD-3B@SOL micelles

Administration P v 1P v

Dose (mg kg™ ) 25 10 25 10

AUCy 41, (ug mL ™" h) 28.0 + 1.4 9.6 + 1.1 34.0 + 1.2* 48.4 + 3.7**
Crnax (1g mL ™) 45+ 0.1 6.6 + 0.7 7.2 + 0.1* 68.9 £ 7.2%*
Trnax (D 2 0.033 1 0.033

tij2p (h) 2.2+ 0.5 1.7 £ 0.01 4.0 £ 0.1* 16.4 + 4.3%**
CL(Lh'kg™ 0.87+ 0.08 1.02 + 0.12 0.71 + 0.02 0.10 + 0.04
F; (%) — — 121.8 +£ 1.8 504.2 £+ 19.4

Notes: IP: intraperitoneal; IV: intravenous; AUC,_,4: the area under the curve from 0-24 h; Cp,ax: the maximum concentration of CPD in the blood;
Trmax: the time that CPD concentration in the blood peaked; t;,,4: half-life time; CL: the clearance of CPD in the blood; F;: the relative bioavailability:

PK: pharmacokinetic (n > 3; *: p < 0.05; **: p < 0.01; ***: p < 0.001)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusions

The poor aqueous solubility of various KGA allosteric inhibitors
limits their bioavailability and in vivo efficacy. To resolve this
bottle-neck, this study explored various drug delivery excipients,
such as polyethylene glycols, Tween, poloxamer, cyclodextrin,
and SOL (Table S1 (ESIt) and Table 1). Most excipients showed
only limited improvement. For example, the water-soluble hydro-
propyl-B-cyclodextrin (HP-B-CD) has been reported to increase
the solubility of Ethaselen significantly by loading a suitably
sized molecule into its hydrophobic cave.** However, CPD-3B
contains a six-carbon chain in the middle and is more flexible
and hydrophobic than Ethaselen, and HP-B-CD exhibited little
solubility enhancement on CPD-3B.

In contrast, SOL significantly enhanced the water solubility
of CPD-3B by 3000-fold. As a polyvinyl caprolactam-polyvinyl
acetate-polyethylene glycol grafted molecule, SOL has a
hydrophobic region that matches the hydrophobic hexyl chain
and Selen groups well. Additionally, it has a hydrophilic region
that strengthens the hydrophobic core to prevent the
compound from precipitation in water; this “like-dissolve-
like” feature might contribute a dramatic improvement to
solubility.*®

SAR analysis showed that SOL exhibited a higher capability
for dissolving Selen compounds with longer middle chains. The
SOL-encapsulated CPD-3B formed stable, nano-sized micelles
with good dispersity. Because of their excellent compatibility,
the SOL/CPD-3B micelles were stable in aqueous solutions and
amorphous solid dispersions. Furthermore, CPD-3B@SOL
micelles enhanced the stability of CPD-3B in both mouse blood
and liver microsomes and significantly increased the in vivo
bioavailability of CPD-3B and pharmacokinetics via IV
administration.

Most graft polymeric micelles including SOL micelles
have been reported to increase cellular uptake and drug
internalization.?**>%® In the present study, the fluorescence
intensity of CPD-3B showed that CPD-3B@SOL micelles
provided higher internalization and longer retention than
free CPD-3B in H22 tumor cells. Perhaps due to the
improved pharmacokinetic behaviors and cellular uptake, the
CPD-3B@SOL micelles showed improved in vivo antitumor
efficacy of CPD-3B in the H22 liver cancer mouse xenograft
model. In contrast, the CPD-3B in PEG and Tween 80
vehicle showed very limited efficacy either by IV or IP
administration.’

In conclusion, SOL demonstrated an impressive ability to
solubilize hydrophobic CPD-3B. This biodegradable SOL not
only increased the water solubility of CPD-3B by 3000 times, but
also improved the compound’s stability in storage, in blood,
and under metabolic conditions. In combination with the
enhanced cellular uptake, CPD-3B@SOL micelles achieved sig-
nificant enhancement in in vivo anticancer efficacy for this
novel selenium glutaminase inhibitor. The approach of this
study provided an advantageous and practical method for
improving the in vivo efficacy of potent hydrophobic allosteric
glutaminase inhibitors.
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Abbreviations

KGA Kidney-type glutaminase

DON L-6-Diazo-5-oxonorleucine

BPTES Bis-2-(5-phenylacetamido-1,2,4-thiadiazol-
2-yl)ethyl sulfide

GLS Glutaminase

GDH Glutamate dehydrogenase

FDA Food and Drug Administration

PVCap-PVA-PEG  Polyvinyl caprolactam-polyvinyl acetate-

polyethylene glycol

CMC Critical micellar concentration

APIs Active pharmaceutical ingredients

BCS Biopharmaceutical classification system
HACE Hyaluronic acid-ceramide

Vitamin E TPGS  p-a-Tocopheryl polyethylene glycol 1000
succinate

Selen compounds Selenazol-3(2H)-one dimers

SAR The structure-solubility/activity relationship

ClogP Calculated logP

DLS Dynamic light scattering

TEM Transmission electron microscopy

XRPD X-Ray powder diffraction

FBS Fetal bovine serum

G6P Glucose-6-phosphate

G6PDH Glucose-6-phosphate dehydrogenase

PBS Phosphate buffer saline

RP-HPLC Reversed phase high performance liquid
chromatography

EE Encapsulation efficiency

DL Drug loading

PDI Polydispersity index

SOL Soluplus®

SDS Sodium dodecyl sulfate

DMSO Dimethyl sulfoxide

EZMTT 2-(3-(2-Methoxy-4-nitrophenyl)-2-(4-

nitrophenyl)-2H-tetrazol-3-ium-5-
yl)benzenesulfonate sodium salt
BF Bright field

BME B-Mercaptoethanol

NADPH (Reduced) nicotinamide adenine dinucleo-
tide phosphate

v Intravenous administration

P Intraperitoneal administration

AUCy_o41 Area under the curve from 0 to 24 h

Crnax The maximum compound concentration in
blood

Tnax The time that compound concentration
peaked in blood

ti2p Half-life time
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CL The clearance of CPD in blood
F, The relative bioavailability
w/w Weight/weight

PM Physical mixture

TGI Tumor growth inhibition
HP-B-CD Hydropropyl-B-cyclodextrin
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