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Synthesis and evaluation of new scaffold phenylisoserine derivatives connected with the essential func-
tional groups against SARS CoV 3CL protease are described. The phenylisoserine backbone was found by
simulation on GOLD software and the structure activity relationship study of phenylisoserine derivatives
gave SK80 with an IC5o value of 43 uM against SARS CoV 3CL R188I mutant protease.
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Severe acute respiratory syndrome (SARS) is a contagious respi-
ratory disease in humans which is caused by the SARS coronavirus
(SARS-CoV).! The key enzyme in the processing of polyproteins
ppla and pplab, translated by the viral RNA genome of SARS-
CoV is called a 3C-like protease (3CL protease). Due to its func-
tional importance in the viral life cycle, SARS-CoV 3CL protease is
considered to be an attractive target for a drug for SARS therapy.
For this reason, a variety of 3CL protease inhibitors have been
reported in the literature over the past decade.*”!! They are non-
peptidyl compounds derived from natural products and/or sub-
strate-based peptidemimetics. However, no effective therapeutic
drug or vaccine has been developed to date, although many candi-
dates targeting SARS 3CL protease have been identified. In a
research program on SARS 3CL protease, we found for the first time
that mature SARS 3CL protease is subject to degradation at the
188Arg/189GIn site. R188] mutant protease with high activity
and stability was prepared.'® Although our group additionally
found that tetrapeptide aldehyde Ac-Thr-Val-Cha-His-H (1)
showed high inhibitory activity with an ICsq value of 98 nM against
SARS 3CL R188I mutant protease in 2008,'? there are generally
enzymatic digestions of peptide chains and o-proton racemization.

* Corresponding author.
E-mail addresses: konno@yz.yamagata-u.ac.jp (H. Konno), akaji@mb.kyoto-phu.
acjp (K. Akaji).
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0960-894X/© 2017 Elsevier Ltd. All rights reserved.

Next, we designed and synthesized serine derivatives focusing on
the P1, P2 and P4 sites of tetrapeptide aldehyde (1) by the combi-
nation of docking simulation and a structure activity relationship
study. As for the results, SK23 (2) was given as a candidate com-
pound against SARS 3CL R188I mutant protease.'> In this case,
the inhibitory activity of SK23 (2) was much lower than the pep-
tide aldehyde inhibitor (1). However, SK23 (2) has no thiol capture
unit and achieved a marked structural transformation from pep-
tidyl compounds based on a substrate mimic strategy. Investiga-
tion of a scaffold with three essential functional groups is needed
to develop small molecular inhibitors using a serine scaffold for
non-peptidyl compounds (Fig. 1).

Scaffold hopping techniques have been widely applied by
medicinal chemists to discover equipotent compounds with novel
backbones that have improved properties.'® Scaffold hopping into
four major categories, namely heterocycles replacements, ring
opening or closure, peptidemimetics and topology-based hopping,
has been classified. In the technique for SARS 3CL protease inhibi-
tors, we are interested in a peptidomimetics approach based on the
scaffold hopping strategy. We herein report the design, synthesis
and evaluation of a new scaffold, a phenylisoserine (PIS) derivative,
for SARS-CoV 3CL protease inhibitors.

We performed a variety of molecular mechanics calculations
with SPARTAN from Wavefunction and docking simulations of pro-
tein interactions using GOLD from CCDC for the 1,2-hydroxyamine
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Fig. 1. Tetrapeptide aldehyde (1) and SK23 (2) for the SARS-CoV 3CL protease
inhibitor.

compounds in-house. In an attempt to give good coverage of the
substrate-recognition pocket of SARS 3CL R1881 mutant protease
(PDB code 3AW1), we found that the isoserine backbone had rea-
sonable interactions with the mutant protease to give an isoserine
derivative (3), which can be considered to replace the amine group
at the a-position and a hydroxy group at the p-position of SK23 (2).
Using the docking simulation of the (R)-isomer (3) with SARS 3CL
protease, there was a hydrophobic space on the S2 pocket of the
R188I mutant protease with the (R)-isomer (3). In the comparison
with several hydrophobic functionalities, alkane, cycloalkane and
aromatic rings, the phenyl group was fitted on the S2 pocket of
the R188] mutant protease to obtain a (2R,3S)-PIS derivative (4).
The docking simulations of the other three stereoisomers of
(2R,3S)-4 hardly interacted with the R188] mutant protease and
therefore the (2R,3S)-isomer (4) as a candidate for this research
was selected. The (2R,3S)-PIS derivative (4) has the following char-
acteristics: (a) The substrates by nature have involved small amino
acids (Ser, Ala or Gly) at the P1’ position of SARS 3CL protease.
However, it may be preferable to adopt the phenyl group, which
was optimized as the serine-type inhibitor SK23 (2).!* (b) As with
SK23 (2), the cyclohexyl ring may have the essential functionality
of the P1 position, as well as stabilizing interactions of other posi-
tions. (c) The substrates at the P2 position are Leu, Val, Phe and Met
with the hydrophobic side chains and therefore the S2 pocket is
rather hydrophobic in nature. Consequently, the phenyl ring makes
good contact with target regions. This is interesting in the results of
docking simulations. The S2 pocket of the R188I mutant protease
barely allowed the phenyl functionality of the serine-type inhibi-
tor. (d) Although the S4 pocket prefers hydrophobic side chains
(Ala, Val or Pro), aromatic derivatives on the synthetic substrates
are acceptable. Especially, cinnamoyl residues play an important
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role to interact with the mutant protease. This result strongly sup-
ports those of Bai’s'” and our'® information (Scheme 1).

As depicted in Scheme 1, the PIS derivative (4), designed from a
computer-assisted docking simulation, was synthesized as the tar-
get molecule. Additionally, a structure activity relationship study
of the PIS derivative (4) in terms of functionalities to interact with
the corresponding P1’ pocket was attempted. Functionalities of the
P1’ position (A) of 5 were designed and synthesized to evaluate its
inhibitory activity against the R1881 mutant (4). In other words, a
cyclohexyl ring was essential for functionality of the P1 position on
the PIS scaffold in the preliminary studies. Inhibitory activities of
the synthesized PIS derivatives in absence of the cyclohexyl ring
at the P2 position showed extremely weak activity against SARS
3CL R188I mutant protease (ICso> 1 mM). In addition, cinnamoyl
functionality of the P4 position was effective to maintain the inhi-
bitory activity (Scheme 1).

The designed (2R,3S)-PIS derivative (4) was synthesized as
shown in Scheme 2. At three step sequence for the protection of
active functionalities with amine, carboxylic acid and hydroxy
groups of (2R,3S)-PIS, gave the protected PIS derivative (6) in 64%
yield over 3 steps. After the saponification of the methyl ester of
6, coupling of the resultant carboxylic acid with cyclohexylamine
by DMT-MM'®/DIPEA gave the PIS amide (7) in 54% yield over 2
steps. Deprotection of the Cbz group of 7 by hydrogenolysis and
coupling between the resultant amino group and cinnamic acid
with DMT-MM/DIPEA successfully proceeded to afford the cin-
namoyl derivative (8) in satisfactory yield. TFA-assisted deprotec-
tion of the MOM group gave the alcohol (9) in 76% yield. Finally,
treatment of the alcohol (9) with BzCI/Nal/DIPEA in CH,Cl, gave
the target compound (4) in 80% yield without any problems. On
the other hand, the P1’ moiety of the hydroxy group of 9 was intro-
duced by coupling with the five cinnamic acid derivatives prepared
by us in the previous literature'® to afford 10-14 in lower yields.
Thus, a variety of the coupling reagents was employed between
the PIS derivative (9) with a large steric hindrance and cinnamic
acid, it was difficult to improve the chemical yields of the corre-
sponding ester (10). As a result, we selected DMT-MM]/DIPEA or
HATU'”-'8|[HOAt/DIPEA in CH,Cl, as the coupling conditions to give
the desired materials (10)-(14). Despite the poor chemical yields, it
was available for the evaluation of inhibitory activities against
SARS-CoV R188I mutant protease. We recognized the chemical
structures for synthetic compounds clearly by 'H and '>C NMRs,
IR and MS spectra (Scheme 2).

s2 P1
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at the P2 position

S N
O
(2R,35)-4

Scheme 1. Molecular design from serine to PIS template.



2748 H. Konno et al./Bioorganic & Medicinal Chemistry Letters 27 (2017) 2746-2751

1) CbzCl, NaOH
2) SOCl,, MeOH
DMF, 73%

_— >
3) MOMCI, Nal WO
DIPEA, CH,Cl, ~
reflux, 88% Coz

(2R39)-PIS 6

o
N
=

OH
OH

NH, O

NH O

Benzoyl chlonde

O,
Renzon o CH,Cly, 80%

e
she1u0

OMOM

OoMe —M >

1) LiOH H,0
MeOH, 73%

OMOM

2) cyclohexylamine
DMT-MM, DIPEA ~NH O
CH,Cly, 74%
7

1) Hy, Pd/C J 2) cinnamic acid

MeOH, 90% DMT-MM, DIPEA

CH,Cl,, 98%

OMOM
H

TFA, CH,Cl,

Qrkm”@
IFh OOl
76% ©\/A’(NH (0]

o

cinnamic acid

derivatives HATU, HOAt

DIPEA, CH,Cl,

XXX XX
onnnn

Scheme 2. Synthesis of the designed PIS compound (4) and its derivatives (10)-(14).

To evaluate the importance of the carbonyl group at the P1’
position, the benzyl-type derivative (16) was prepared. Bn-protec-
tion of the hydroxy group of Cbz-PIS-OMe gave Cbz-PIS(Bn)-OMe
in 52% yield. The saponification of methyl ester followed by the
introduction of cyclohexylamine by DMT/MM was subjected to
afford 15 in moderate yield. After deprotection of the Cbz group
by hydrogenolysis, coupling with cinnamic acid was carried out
to give the designed benzyl-type derivative (16) in 47% yield
(Scheme 3).

As depicted in Scheme 4, the PIS phenylpropanoate (18) was
prepared from 7 using the synthetic protocols as mentioned above.
To investigate the importance of the flexibility of the cinnamoyl
group at the P1’ position, phenylpropanoate was introduced.
Deprotection of the MOM group of 7 with TFA and coupling of
the resultant hydroxyl group with cinnamic acid gave 17 in 9%

OH 1) BnBr, NaH, DMF/THF, 52% O/Q
OMe 2 LIOH HoO, MeOH, 41% %H
3) cyclohexylamine, DMT-MM O

ooz © DIPEA, CH,Cl,, 43% oo O
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1) Hy, PA/C o 4
N
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Scheme 3. Synthesis of the benzyl-type derivative (16).
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Scheme 4. Synthesis of the PIS derivative (18).

yield. Removal of the Cbz group and coupling of cinnamic acid
were carried out to give the PIS phenylpropanoate (18). In these
cases, coupling reactions between the PIS derivatives with a large
steric hindrance and cinnamic acid prove difficult to give the
desired compounds in high yields (Scheme 4).

The inhibitory activity against SARS 3CL R1881 mutant protease
was determined by the previous procedure using a synthetic
decapeptide with the SO1 cleavage sequence as a substrate. Syn-
thetic PIS derivatives with modification at the P1’ position were
evaluated as ICsq values shown in Table 1. The PIS derivative (4;
SK80) designed by docking simulations exhibited an ICsq value of
43 uM (entry 1). The serine type inhibitor SK23 (2), which has
same functionalities, showed an ICsq value of 30 uM and therefore
we expected that the active site of the 3CL R188] mutant protease
fitted with these ligands via similar binding modes. To investigate
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Table 1
Inhibitory activities of phenylisoserine derivatives.
Entry Compound A ClogP? tPSAP ICs0°
1 4 6.12 84.5 43
SK80 %
(¢]
2 16 6.25 67.4 NI
T
3 11 HO. 5.99 104.7 >500
O\/Y‘k‘
o
4 9 H 417 784 >500
5 14 OMe 5.95 112.2 250
MeO.
Meoﬁj\/\ﬁ
o
6 13 OMe 6.66 103.0 125
MeOQ/YE
o
7 10 6.65 84.5 85
_ S
(¢]
8 17¢ 6.20 67.4 75
P T
(6]
9 18 6.69 84.5 65
S
o
10 12 6.57 93.7 65

MeO

\
o
&

2 ClogP was calculated by ChemBio3D Ultra 12.0 (PerkinElmer).
> tPSA was calculated by ChemBio3D Ultra 12.0 (PerkinElmer).
C

1ML

4 The amino group of 17 was protected by the Cbz group.

the importance of the benzoyl carbonyl group at the P1’ position,
the benzyl ether (16) was evaluated. As a result, 16 showed no
inhibitory activity (entry 2). In addition, the PIS derivative with a
phenolic hydroxyl group (11) and the synthetic intermediate with
a hydroxyl group (9) also showed lower inhibitory activities
(IC50 > 500 uM) (entries 3 and 4). These results were expected from
the docking simulations and structure activity relationship study
of serine type inhibitors in our previous report. Next, the PIS
derivatives with modified cinnamoyl groups were evaluated. The
ICso values of 14 and 13 were 250 and 125 pM, respectively
(entries 5 and 6). The inhibitors containing 3,5- and/or 4-methoxy
groups on a phenyl ring exhibited moderate activities. In contrast,
cinnamate derivatives 10, 17 and the phenylpropanoate derivative
18 increased the inhibitory activities to show the ICsq values of 65—
85 1M (entries 7, 8, 9). The CH,0 of Cbz group of 17 and the double
bond of cinnamoyl group of 10 played a similar role and conse-
quently both the phenyl rings interact with the S4 pocket to show
approximately same activities. The inhibitor containing a 3-meth-
oxy group on a phenyl ring (12) had 65 UM as an ICsq value (entry
10). These results suggested that a planar aromatic ring and its
hydrophobic functionality were essential factors to produce a rea-
sonable 3CL protease inhibitor. Although the methoxy groups of
the phenyl rings had increased infrequently inhibitory activities
against SARS 3CL protease in our previous studies, there is hardly
critical influence. As with SK23 (2), the benzoyl group at P1’ posi-
tion was optimized to give the inhibitor 4. To show reasonable ICsq
values against SARS 3CL protease, it is important to satisfy both
conditions with around 6 for ClogP values and 65-90 for tPSA. A
similar tendency can also be seen in the structure activity relation-
ship study of serine-type inhibitors (Table 1).

The binding mode of the SK80 (4) to SARS 3CL protease pre-
dicted by docking simulation using GOLD software is exhibited in
Fig. 2. Based on these results, we decided to synthesize and evalu-
ate inhibitory activity against SARS 3CL mutant protease. It appears
to be a reasonable binding mode by the surface mode of the pro-
tease with SK80 (4) shown in Fig. 2A. The functionalities at the
P1’, P1, P2 and P4 sites of SK80 (4) were located on the S1/, S1,
S2 and S4 pockets with hydrophobic spaces, respectively. As
depicted in Fig. 2B, two amide groups of SK80 (4) were involved
in hydrogen bonding interactions with His164 and GIn189. These
interactions of SK80 (4) with the R188] mutant protease were
found to be identical to those of SK23 (2) with the protease. This
suggests that carbonyl of the benzoyl group of the inhibitor (4)
interacts with the active site of Cys145 and His41 of SARS 3CL pro-
tease. Interestingly, the distances of hydrogen and oxygen between
the two amide groups of SK80 (4) as the docking simulation exhib-
ited 2.1 and 3.1 A, respectively. These values are reasonable to esti-
mate the intramolecular hydrogen bonding networks. Therefore,
the fixed eight-membered cyclic structure in the scaffold motif of
SK80 (4) is proposed to locate the active site of SARS 3CL mutant
protease by induced fit (Fig. 2C). In comparison with the stable
conformation of SK80 (4) in absence of the SARS 3CL protease, a
molecular mechanics calculation for conformational analysis by
SPARTAN’14 was attempted (Fig. 2D). The distances of intramolec-
ular hydrogen bonds between the corresponding two amide
groups of 4 showed 2.0 and 5.3 A, respectively. This result suggests
that the conformation of 4 by the intramolecular hydrogen bond of
two amide groups is partly fixed to increase the inhibitory activi-
ties against the SARS 3CL mutant protease. We conclude that the
two amide groups of SK80 (4) interact to form inter- and intra-
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Fig. 2. Docking simulation of selected inhibitors bound to SARS 3CL protease (PDB code 3AW1) using GOLD from CCDC. Molecular graphic image shown using PyMOL from
Schrodinger; oxygen (red) and nitrogen (blue) of inhibitors; Cys145 (red) of SARS 3CL protease. (A) Surface mode with 4, (B) model of interaction with 4, (C) Conformational

analysis of 4. (D) Conformational analysis of 4 by SPARTAN'14.

molecular hydrogen bondings and the binding of the SARS 3CL
mutant protease and SK80 (4) using induced fit are shown (Fig. 2).

Since any protease inhibitor needs to have an orthogonal rela-
tionship between anti-virus activity and microbial activities or
cytotoxicity, antibacterial and antifungal activities and cytotoxicity
for SK80 (4) were investigated. The antifungal activities of SK80 (4)
against Saccharomyces cerevisiae strain X2180-1A and Candida vis-
wanathii NBRC10321 were evaluated by our assay protocols.'® In
addition, we tested the bacterial activities of SK80 (4) against
E. coli NBRC3972 and Pseudomonas putida NBRC14164 for gram-
negative and Micrococcus luteus NBRC13867, Bacillus subtilis
NBRC111470 and Staphylococcus epidermidis NBRC12993 for
gram-positive. As a result, there were no inhibitory activities for
any screened microbials (MICs > 800 mg/mL). The cytotoxicity of
SK80 (4) was performed against Hela cells by a standard MTT assay
using WST-8 protocols.?’ Although SK80 (4) at 1 uM concentra-
tions was evaluated against Hela cells RCB 0007 (5000 cells), the
cell death ratio caused by these compounds was less than 10%
and therefore showed practically no cytotoxicity.

In conclusion, we found a new scaffold, a phenylisoserine back-
bone, for a potential SARS 3CL protease inhibitor by a combination
of docking simulation, chemical synthesis and ordinary assay pro-
tocols. Consequently, SK80 (4), which was derived from the serine-
type inhibitor established by our group, was produced. Interest-
ingly, SK80 (4) has intramolecular hydrogen bonds and therefore
functionalities of SK80 (4) partly fix the trajectories to interact
with the SARS 3CL protease by induced fit. It is useful information
to design a non-peptidyl inhibitor of SARS 3CL protease. Our
research into more suitable structures is in progress.

Acknowledgements

This work was supported in part by an Adaptable and Seamless
Technology transfer Program (A-STEP) through target driven R&D,
Japan Science and Technology Agency.

A. Supplementary data

Supplementary data (additional experimental procedures, and
analytical data for synthetic compounds. This material is available
free of charge.) associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.bmcl.2017.04.056.

References

Lee N, Hui D, Wu A, et al. N Engl ] Med. 2003;348:1986-1994.

. Drosten C, Gunther S, Preiser W, et al. N Engl ] Med. 2003;348:1967-1976.

. Ksiazek TG, Erdman D, Goldsmith CS, et al. N Engl ] Med. 2003;348:1953-1966.

. Thanigaimaalai P, Konno S, Yamamoto T, et al. Eur | Med Chem.
2013;65:436-447.

. Nguyen TTH, Woo H-J, Kang H-K; et al. Biotechnol Lett. 2012;34:831-838.

. Park J-Y, Kim JH, Kwon JM, et al. Bioorg Med Chem. 2013;21:3730-3737.

. Jacobs J, Grum-Tokars V, Zhou Y, et al. ] Med Chem. 2013;56:534-546.

Liu W, Zhu H-M, Niu G-J, et al. Bioorg Med Chem. 2014;22:292-302.

. Shimamoto Y, Hattori Y, Kobayashi K, et al. Bioorg Med Chem. 2015;23:876-890.

. Akaji K, Konno H, Onozuka M, Makino A, Nosaka K. Bioorg Med Chem.
2008;16:9400-9408.

11. Kumar V, Tan K-P, Wang Y-M, Lin S-W, Liang P-H. Bioorg Med Chem.

2016;24:3035-3042.

12. (a) Akaji K, Konno H, Mitsui H, et al. ] Med Chem. 2011;54:7962-7973;

(b) Konno H, Sema Y, Ishii M, Hattori Y, Nosaka K, Akaji K. Tetrahedron Lett.

2013;54:4848-4850;

(c) Konno H, Sema Y, Tokairin Y. Tetrahedron. 2015;71:3433-3438.

A WN =

cLwoNoWm

—_


http://dx.doi.org/10.1016/j.bmcl.2017.04.056
http://refhub.elsevier.com/S0960-894X(17)30433-X/h0005
http://refhub.elsevier.com/S0960-894X(17)30433-X/h0010
http://refhub.elsevier.com/S0960-894X(17)30433-X/h0015
http://refhub.elsevier.com/S0960-894X(17)30433-X/h0020
http://refhub.elsevier.com/S0960-894X(17)30433-X/h0020
http://refhub.elsevier.com/S0960-894X(17)30433-X/h0025
http://refhub.elsevier.com/S0960-894X(17)30433-X/h0030
http://refhub.elsevier.com/S0960-894X(17)30433-X/h0035
http://refhub.elsevier.com/S0960-894X(17)30433-X/h0040
http://refhub.elsevier.com/S0960-894X(17)30433-X/h0045
http://refhub.elsevier.com/S0960-894X(17)30433-X/h0050
http://refhub.elsevier.com/S0960-894X(17)30433-X/h0050
http://refhub.elsevier.com/S0960-894X(17)30433-X/h0055
http://refhub.elsevier.com/S0960-894X(17)30433-X/h0055
http://refhub.elsevier.com/S0960-894X(17)30433-X/h0060
http://refhub.elsevier.com/S0960-894X(17)30433-X/h0065
http://refhub.elsevier.com/S0960-894X(17)30433-X/h0065
http://refhub.elsevier.com/S0960-894X(17)30433-X/h0070
http://3AW1

13.

14.
15.

16.

H. Konno et al./Bioorganic & Medicinal Chemistry Letters 27 (2017) 2746-2751 2751

Konno H, Wakabayashi M, Takanuma D, Saito Y, Akaji K. Bioorg Med Chem. 17.
2016;24:1241-1254. 18.
Sun H, Tawa G, Wallqvist A. Drug Discov. Today. 2012;17:310-324. 19.
Bai D, Yang Q, Chem L, He X, Gao Z, Shen X. Chem Pharm Bull.

2008;56:1400-1404. 20.

Kunishima M, Wamachi C, Hioki K, Terao K, Tani S. Tetrahedron. 2001;57:1551.

Carpino LA. ] Am Chem Soc. 1993;115:4397.

Carpino LA, Imazumi H, El-Faham A, et al. Angew Chem Int Ed. 2002;41:442.
Konno H, Abumi K, Sasaki Y, Yano S, Nosaka K. Bioorg Med Chem Lett.
2015;25:3199-3202.

Kikuchi M, Konno H. Biosci Biotechnol Biochem. 2016;80:1066-1069.


http://refhub.elsevier.com/S0960-894X(17)30433-X/h0075
http://refhub.elsevier.com/S0960-894X(17)30433-X/h0075
http://refhub.elsevier.com/S0960-894X(17)30433-X/h0080
http://refhub.elsevier.com/S0960-894X(17)30433-X/h0085
http://refhub.elsevier.com/S0960-894X(17)30433-X/h0085
http://refhub.elsevier.com/S0960-894X(17)30433-X/h0090
http://refhub.elsevier.com/S0960-894X(17)30433-X/h0095
http://refhub.elsevier.com/S0960-894X(17)30433-X/h0100
http://refhub.elsevier.com/S0960-894X(17)30433-X/h0105
http://refhub.elsevier.com/S0960-894X(17)30433-X/h0105
http://refhub.elsevier.com/S0960-894X(17)30433-X/h0110

