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A B S T R A C T

Disulfide containing compounds are recognized for their wide range of biological properties and are known for
their important applications in the pharmaceutical field. In this study, a series of diaryl disulfides with varying
alkyl chain length (C8-C16) was synthesized and assessed for their physicochemical and biological properties. The
interactions of compounds with bovine serum albumin (BSA) was investigated in order to study their ability to
bind with blood serum protein. An increase in the binding constants (Ka) was observed with increasing chain
length C8-C12, while a decrease in value was obtained with compounds of chain length C14 and C16 showing a cut
off effect at C12. The thermodynamic parameters of binding indicated that the compounds bound to BSA mostly by
van der Waals forces and hydrogen bonding. Molecular docking studies showed that the diaryl disulfides dis-
played greater binding affinity to Trp 213 rather than the Trp 134 residue on the BSA molecule. The trend
observed in molecular docking is in line with the fluorescence binding studies whereby the C12 derivative was
found to show optimum affinity with BSA. The disulfide with chain length C10 showed moderate antibacterial
activity the highest inhibitory activity against Bacillus cereus. The cytotoxicity of the disulfides towards HaCaT
cells decreased from C8 to C14. The overall results obtained show that these disulfides have potent antibacterial
properties against Gram-positive bacteria Bacillus cereus at concentrations which are relatively non-toxic to
normal cells.
1. Introduction

Diaryl disulfides form part of one of the most important and widely
used compounds by synthetic chemists and are considered among the
most momentous structural motifs in chemistry, possessing important
functions in pharmaceutics and biologically active compounds [1, 2, 3].
There are numerous drugs containing disulfide moiety which are being
used to treat medical conditions such as diabetes insipidus [4] and T-cell
lymphoma [5]. Disulfide likages is important for proteins' functionali-
zation and are being extensively used in the design of controlled drug
delivery systems (CDDS) [6, 7].

The development of lead drugs is often base on the introduction of a
number of chemical moieties, which produce chemical diversity and
influence their properties [8, 9, 10]. Aromatic compounds are well
known for their synthetic pathways and for this reason, they are being
used extensively in drugs [11, 12]. Long alkyl chains in aryl alkyl systems
bearing are known to influence their physicochemical properties.
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Increase in the length of alkyl chain impacts significantly on the micel-
lization process of molecules by lowering their critical micelle concen-
tration (CMC) values, rendering them more effective in reducing surface
water tension [5]. Addition of other functional groups to the aryl disul-
fide compounds can influence both their chemical and biological prop-
erties. For example, amide functionalized molecules are able to form
intermolecular hydrogen bonding, causing tighter packing at the
air-water interface and at a hydrophobic surface [13].

A number of diaryl disulfide Schiff bases has been demonstrated to act
as antibacterial and herbicidal agents [14, 15]. Another disulfide
analogue, the bis-chloro-phenyl disulfide has been reported for its
effectiveness as potent anticancer agent with specific target the stabili-
zation of the tumor suppressor, programmed cell death 4 (Pdcd4) [16].

Herein, a series of compounds derivatives containing a combination
of useful functionalities such as aromatic, amidemoiety, disulfide linkage
and long alkyl chains are reported. Moreover, in an attempt to fully
exploit the potential application of these compounds, an array of
ober 2020
he CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:sabina@uom.ac.mu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2020.e05368&domain=pdf
www.sciencedirect.com/science/journal/24058440
http://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2020.e05368
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.heliyon.2020.e05368


Figure 2. Fluorescence spectrum of pyrene with increasing concentration of
disulfide 3. The inset represents the Stern-Volmer plot.
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biological and physicochemical properties including critical micelle
concentration (CMC), bovine serum albumin (BSA) binding ability,
antibacterial activity as well as their cytotoxicity were investigated.

2. Results and discussion

In an attempt to investigate the influence of hydrophobicity on the
physicochemical and biological properties of disulfides, a series of bis-
amino phenyl disulfide derivatives with varying alkyl chains (C8-C16)
were synthesized.

2.1. Synthesis

The disulfides 1 to 5 were synthesized in a two-step reaction
(Figure 1). Fatty acid chlorides (C8, C10, C12, C14 and C16) prepared in situ
were reacted with bis-amino phenyl disulfide in the presence of trie-
thylamine (TEA) and dimethyl amino pyridine (DMAP).

The new band at 1655-1660 cm�1 in the IR spectra of 1-5 indicated
the successful formation of the amide bond. The amide proton and amide
carbonyl appeared at δ 8.36–8.39 ppm and δ 171.4 ppm in the 1H and 13C
NMR spectra respectively. The aliphatic protons appeared in the range of
δ 0.84–2.14 ppm. The tertiary aromatic carbons were observed at δ 123.3
- δ 123.4 ppm and δ 139.9 ppm respectively. The NMR spectra of the
disulfide 3 is shown in the supplementary material (Figure S1, S2, S3 and
S4). The assignments of the different protons and carbons were
confirmed by 2D NMR (Supplementary material Table S1).

2.2. Critical micelle concentration

In aqueous solutions, compounds possessing long hydrophobic chain
are known to form aggregates called micelles. The critical micelle con-
centration (CMC) is the concentration at which a compound form mi-
celles at a particular temperature, and it is an important solution property
which influences the biological activity of the compound. The CMC of the
disulfides 1-5 were investigated at 25 �C by fluorescence spectroscopic
technique using pyrene as probe (Figure 2).

A decrease in the CMC values of the disulfides was observed from C8
to C16 (Table 1). This is due to the increase in hydrophobic interactions
which renders micellar formationmore favourable as previously reported
[17]. The following Kleven's equation between the CMC values and chain
length (n) was obtained for disulfides 1-5 (Eq. (1)) (Figure 3) [18].

log CMC ¼ 0.0599n – 0.2875 (1)

2.3. Bovine serum albumin (BSA) binding studies

Serum albumin, the protein found in blood plasma to transport hor-
mones, fatty acids and various compounds through the blood stream. BSA
NH2
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Figure 1. Synthesis of
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has been used as a model protein for the study of binding ability of
bioactive compounds with serum albumin due to its stability and its
similarity to human serum albumin (HSA). The measurement of the
binding properties of BSA with the disulfides 1 to 5 with BSA was
investigated by fluorescence spectroscopy and the effect of hydropho-
bicity on the binding affinity of the disulfides to BSA was explored.

2.3.1. Steady state/intrinsic fluorescence study
Fluorescence spectroscopy can provide information regarding the

quenching mechanism, the binding constant and the number of binding
sites involved in the binding interaction between plasma protein and a
target molecule [19]. Fluorescence quenching can occur either by dy-
namic mechanism which involves diffusive encounters or by static
mechanism which involves complex formation [20]. In order to evaluate
the quenching mechanism of the disulfides under investigation, the
Stern-Volmer equation (Eq. (2)) was used.

F0/F ¼ 1 þ Kqτ0 [Q] ¼ 1 þ Ksv [Q] (2)

where F0: fluorescence intensity of pure BSA; F: fluorescence intensity of
BSA in the presence of the disulfide. Kq: bimolecular quenching constant;
Ksv: Stern-Volmer quenching constant. The value of Ksv and Kq gives an
overview of the mechanism of binding, i.e either static or dynamic pro-
cess. [Q] and τ0 correspond to the concentration of the disulfide and the
average lifetime of the pure BSAmolecules (10�8 s) respectively [21]. For
static quenching, Eq. (3) was used.

Log [(F0-F)/F] ¼ log Ka þ nlog[Q] (3)
NHCOCH2 CH2 nCH3

S
S

NHCOCH2 CH2 nCH3

Dioctyl 2 2'-disulfanediyldibenzamide 1 n=5
Didecyl 2 2'-disulfanediyldibenzamide2 n=7
Didodecyl 2 2'-disulfanediyldibenzamide 3 n=9
Dimyristoyl 2 2'-disulfanediyldibenzamide 4 n=11
Dipalmitoyl 2 2'-disulfanediyldibenzamide 5 n=13

compounds 1 to 5.



Table 1. CMC of compounds 1 to 5.

Compound Chain length CMC (mM)

1 C8 0.163

2 C10 0.130

3 C12 0.108

4 C14 0.075

5 C16 0.054

y = -0.0599x - 0.2875
R² = 0.9829
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Figure 3. Graph of log CMC v/s Chain length (n).
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where Ka (M�1): binding constant; n: number of binding sites.
The intensity of the band was found to decrease markedly with an

increase in concentration of disulfides 1-5, suggesting formation of a non-
fluorescent complex between the disulfides 1-5 and BSA. However, no
shift in wavelength was observed. A static mechanism was proposed for
the binding of the disulfides to BSA since the calculated kq was greater
than the scattering collision quenching rate constant (2 � 1010 M�1s�1)
(Table 2).

The Ka values obtained give an indication about the plasma distri-
bution of the disulfides being studied. Weak binding corresponds to poor
distribution of the disulfide, while strong binding is reveals a low plas-
matic concentration of the free disulfide [22]. In general, the disulfides
1-5 displayed moderate to high binding constant with BSA (Supple-
mentary material Figure S5). As the carbon chain length increased from
C8-C12 (1-3), a corresponding increase in the magnitude of Ka values was
obtained. However, a further increase in chain length from C12 to C16
resulted in a decrease in the Ka values for disulfides 4 and 5. This implies
that an increase in hydrophobicity increases the binding strength of the
disulfide to BSA from chain length C8-C12, displaying a cut-off effect at
C12 after which the binding affinity decreases (Table 3).

2.3.2. Thermodynamic parameters and binding forces
Hydrogen bonding, van der Waals, electrostatic, and hydrophobic

interactions are the main forces of attractions that are involved in the
binding of small molecules with BSA. These interactions can be described
by thermodynamic parameters namely, free energy (ΔG), enthalpy (ΔH)
and entropy (ΔS) and hence used to determine the type of binding taking
place between the compounds under investigation and BSA. There are 3
sets of conditions for ΔH and ΔS indicating the type of interaction in BSA
binding [21]. WhenΔH> 0 andΔS> 0, hydrophobic interactions are the
Table 2. Values for Stern-Volmer constant (Ksv), bimolecular quenching constant (Kq

Disulfide Chain length n K

1 C8 0.76 7

2 C10 1.23 2

3 C12 1.22 3

4 C14 1.27 2

5 C16 0.74 1

3

mainmode of binding. IfΔH< 0 andΔS> 0 electrostatic interactions are
more prominent and when ΔH < 0 and ΔS < 0, van der Waals and
hydrogen bonding are more important.

In order to characterize the binding forces of the disulfides 1 to 5 to
BSA, the thermodynamic parameters of binding were determined at 298,
308 and 313 K. The values for ΔH, ΔS and ΔG were calculated using Eqs.
(4) and (5)

ΔG ¼ - RT lnKa (4)

Where T is the absolute temperature, Ka the binding constant at
temperature T and R the gas constant. The values of ΔH and ΔS can be
analyzed on the basis of the van't Hoff's formula:

ln Ka ¼ � ΔH
RT

þ ΔS
R

(5)

Where T is the absolute temperature, Ka the binding constant and R the
gas constant.

The value of ΔG was then calculated using Eq. (6)

ΔG ¼ ΔH -TΔS (6)

From Table 3, it can be observed that for disulfides 1-5 the ΔG values
are negative, implying that complex formation with BSA occurs sponta-
neously at all temperatures. Moreover, the negative values obtained for
ΔH and ΔS indicate that the BSA-disulfide interaction is enthalpically
driven but entropically unfavorable.

From the sets of conditions mentioned, since the values obtained for
ΔH andΔS are both negative, it can be deduced that interactions between
BSA and the disulfides 1-5 occur mainly via van der Waal's forces and
hydrogen bonding [21].

2.3.3. Competitive binding experiments using site markers
It is generally known that BSA consists of three main domains (I, II

and III), each containing two subdomains A and B. Binding of small
molecules to BSA can occur at two main sites namely subdomain IIA (site
I) and subdomain IIIA (site II). Warfarin and ibuprofen were used as site
markers to represent the binding site I and site II of BSA respectively.
They can be used to determine the precise binding site of compounds to
BSA by performing competitive binding experiments [23].

To establish the binding sites of the compounds on BSA, binding
studies of disulfides 1 to 5 of varying concentrations were investigated in
the presence of site markers warfarin and ibuprofen. The binding con-
stants Ka of compounds 1-5were found to be lower in the presence of both
warfarin and ibuprofen suggesting competitive binding of the compounds
at bothwarfarin and ibuprofen binding sites (Table 4). This concludes that
disulfides 1-5 bind to BSA molecule at both site I and site II subdomains.
2.4. Molecular docking

From the fluorescence binding studies, disulfide 3 was found to show
optimum binding affinity with BSAmolecule. Disulfide 3 was constructed
and docked in both Trp 213 and Trp 134 region of the BSA molecule.
From the ΔG values, it was found that disulfide 3 showed greater binding
affinity to the Trp 213 (-17.07 kJ mol�1) over the Trp 134 (-11.91 kJ
mol�1) residue. The other disulfide derivatives were then docked around
the Trp 213 residue.
), binding constant (Ka) and number of binding site (n) for 1 to 5.

sv x 104 (M�1) Kq x 1012 (M�1s�1) Ka (M�1)

.45 7.45 5.47 � 103

.26 2.26 2.25 � 105

.16 3.16 5.88 � 108

5.8 25.8 6.89 � 106

.40 1.40 1.02 � 103



Table 3. Effect of temperature on the binding constant Ka and the thermodynamic parameters (ΔG, ΔH and ΔS) of the interaction of compounds 1 to 5 with BSA.

Compound Temperature (T)
(K)

1/T/x 10�3 (K⁻1) Ka/M�1 ln Ka ΔG (KJmol�1) ΔH/(KJmol�1) ΔS/(Jmol�1K�1)

1 298 3.356 5.47 � 103 8.61 -21.68 -109.5 -294.7

308 3.300 3.25 � 103 8.09 -18.73

313 3.194 4.61 � 102 6.13 -17.26

2 298 3.356 2.25 � 105 12.32 -30.60 -325.26 -988.78

308 3.300 3.58 � 103 8.18 -20.76

313 3.194 4.05 � 102 6.00 -15.77

3 298 3.356 5.88 � 108 20.19 -49.38 -646.07 -2002.29

308 3.300 4.62 � 104 10.74 -29.36

313 3.194 2.79 � 103 7.93 -19.35

4 298 3.356 6.90 � 106 13.45 -32.08 -84.02 -174.29

308 3.300 1.14 � 105 11.64 -30.34

313 3.194 1.07 � 105 11.58 -29.47

5 298 3.356 1.02 � 103 6.93 -16.18 -97.23 -271.98

308 3.300 5.70 � 101 4.04 -13.46

313 3.194 2.93 � 102 5.48 -12.10

ΔH: enthalpy change, ΔS: entropy change, ΔG: free energy.

N. Joondan et al. Heliyon 6 (2020) e05368
The disulfides (1-4) showed negative binding free energies (ΔGbind)
which indicates spontaneous binding of the disulfides with BSA molecule
while positive value for 5 showed that the binding of the compound with
BSA is not favourable (Table 5). Disulfide 3 showed greatest binding
affinity to BSA molecule, as indicated by a more negative ΔGbind value
(-17.07 kJ mol�1). The trend observed in the binding energies obtained
from molecular docking was concordant to that observed in the fluo-
rescence binding experiments.

The active site was further analyzed to identify the amino acid resi-
dues in BSA that interacted with the disulfides 1-5 (Figure 4). Although
disulfides 1-5 were found to bind in close proximity to the Trp 213 res-
idue, no direct interactions (either by hydrogen bonding or hydrophobic
interactions) were observed between the compound and Trp 213 residue.
The carbonyl group of disulfides 2 and 3 form hydrogen bonds with the
ε-NH2 moiety of the Lys 294 and Lys 211 respectively. The two carbonyl
groups of disulfide 4 interact with two NH2 of the guanidino group of Arg
217 residue while one of the carbonyl group form hydrogen bond with
ε-NH2 moiety of the Lys 294. The long alkyl chains of disulfides 1-4 were
found to be well embedded in the binding cavity of BSA, where they
interact with BSA residues via hydrophobic interactions. However, only
one of the alkyl chains of compound 5 was found to be in the cavity of
BSA, while the other chain showed minimal hydrophobic contact with
Table 4. Binding constants for competitive binding of compounds 1-5 in the
presence of ibuprofen and warfarin.

Compound Site marker Ka (M�1)

1 Blank 5.06 � 103

Warfarin 4.95 � 103

Ibuprofen 2.11 � 103

2 Blank 4.29 � 105

Warfarin 1.57 � 104

Ibuprofen 6.46 � 104

3 Blank 1.06 � 109

Warfarin 1.03 � 107

Ibuprofen 5.24 � 107

4 Blank 3.83 � 106

Warfarin 3.42 � 105

Ibuprofen 3.10 � 104

5 Blank 1.79 � 105

Warfarin 3.83 � 103

Ibuprofen 3.55 � 103

4

the residues. This might explain for its lower binding affinity for BSA
molecule.
2.5. Antibacterial activity

The disulfides 1-5 exhibit moderate antibacterial activity against the
Gram-positive bacteria tested. The MIC values obtained against S. aureus
decreases from C8 to C12 and then increases up to a chain of C16, showing
an increase in antibacterial activity with a cut-off point at C12 (Table 6).
In the case of B. cereus, the cut-off point was observed at C10. The
disulfides were less active against the three Gram-negative strains tested
and this might be due to the additional membrane of lipopolysaccharides
generally present in Gram-negative bacteria which render the strains
more resistant to antimicrobial agents. Among the derivatives tested,
disulfide 2 (C10) exhibits the highest inhibitory activity against B. cereus
with an MIC value of 2.53 mM.
2.6. Cytotoxicity studies

In an attempt to evaluate their cytotoxic potential of the derivatives,
the disulfides 1-4 were tested using the MTT assay on the immortalized
non-tumorigenic human epidermal (HaCaT) cell line. Due to poor solu-
bility, the disulfide 5 was not analysed. Based solely on the changes in
cell morphology, a considerable amount of cell death was observed when
the HaCaT cells were treated with disulfide 1 compared to disulfide 3,
indicating that disulfide 1 exhibits higher cytotoxicity towards the
HaCaT cells (Figure 5).

As the concentration of disulfides 1 and 3 increases from 2.5 mg/mL
to 20 mg/mL, an overall increase in cell death was observed. Disulfide 4
were found to be non-cytotoxic at the different concentration tested
(Table 7).

The % cell viability was evaluated using Eq. (7):
Table 5. Binding free energies (ΔGbind) of the compounds in the Trp-213 binding
site.

Compound ΔGbind (kJ mol�1)

1 -16.15

2 -16.23

3 -17.07

4 -13.60

5 þ2.00



Figure 4. Interaction diagrams for docking of 1–5 in the vicinity of Trp-213.
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ACompound

ABlank
� 100 (7)
It was found that an increase in chain length (C8-C14) resulted in a
decrease in the toxicity of the compounds towards HaCaT cells. The re-
sults also confirm that 1 is toxic to the cells at a concentration of<10mg/
ml while 2, 3 and 4 are non-toxic at the same concentration.
5

3. Experimental section

Thionyl chloride (99.5%) was obtained from Fluka chemical. Tetra-
hydrofuran (THF) (99.9%), dichloromethane (DCM) (99.9%) and trie-
thylamine (99.5%) from Sigma-Aldrich. Melting points were measured
on a Fischerbrand digital melting point apparatus. Infrared spectra were



Table 6. MIC values for compounds 1-5.

MIC (mM)

1 2 3 5 þve control

Gram-positive

S.aureus
(ATCC 29213)

12.5 5.40 2.50 >10.0 0.0152

B.cereus
(ATCC 10876)

3.12 2.53 10.0 >12.5 0.0123

Gram-negative

E. coli
(ATCC 22922)

21.4 >25.3 >36.5 56.3 0.686

K. pneumonia
(ATCC 13883)

25.3 26.3 28.9 50.2 0.0107

P. aeruginosa
(ATCC 27853)

>15.6 25.6 >35.6 >46.5 0.171

þve control: CTAB.
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recorded on a Brucker Alpha FTIR spectrometer. 1H NMR, 13C NMR,
DEPT, 1H-1H COSY and 1H-13C HMBC were recorded using a Bruker
spectra spin NMR spectrometer at 250 MHz for 1H NMR and 62.9 MHz
for 13C NMR in CDCl3 as solvent. Fluorescence spectrophotometry were
performed using a Perkin-Elmer LS-55 spectrophotometer. Elemental
analysis was performed using a Eurovector EA3000 (CHNS) elemental
analyser.

3.1. Synthesis of compound 1-5

An excess of thionyl chloride was added to a dissolved solution of
fatty acid (octanoic, decanoic, dodecanoic, myristic and palmitic acid) in
dichloromethane (25 mL) and was refluxed for 3 h. The solvent and any
unreacted thionyl chloride were then removed via simple distillation.
Figure 5. HaCaT cells treated with (i) 10 mg/ml of disulfide 1, (ii) 10 mg/ml of d
tive control).

6

The corresponding acid chlorides obtained were added to a stirred so-
lution of 2-amino phenyl disulfide in tetrahydrofuran (40 mL) and trie-
thylamine (2.0 mL) and was refluxed for 3 h. The reaction was quenched
with 15 mL of distilled water. The organic layer was then extracted using
ethyl acetate (3� 15mL). The combined organic extracts were dried over
anhydrous MgSO4 and filtered. The solvent was then removed under
reduced pressure. The crude residue was washed with methanol to
remove any insoluble impurities followed by recrystallized in ethanol.

Dioctyl 2,20-disulfanediyldibenzamide, 1. White powder. Yield: 29%;
mp 57-59 �C [Found: C, 67.62% H, 9.13% N, 5.69% S, 11.86%; required
C28H40S2N2O2 C, 67.20%; H, 8.00%; N, 5.60%; S, 12.8%]; IR: (ѵmax/
cm�1) 465 (S-S), 1655 (C¼O), 3269 (-NH).

Didecanoyl 2,20-disulfanediyldibenzamide, 2. White powder. Yield:
51.1%; mp 77-83 �C; [Found: C, 69.81%; H, 10.88%; N, 6.57% S,
isulfide 3, (iii) 20% DMSO (positive control) and (iv) 4% ethyl acetate (nega-



Table 7. % Cell viability in the presence of varying concentration of disulfides 1 to 4.

Concentration/(mg/ml) % Cell Viability

1 2 3 4

20 18.4 - 100.0 100.0

10 23.0 63.7 100.0 100.0

5 62.6 100.0 100.0 100.0

2.5 82.9 100.0 92.1 100.0
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11.40%; required C32H48S2N2O2 C, 69.06%; H, 8.63%; N, 5.00%; S
11.51%]; IR: (ѵmax/cm�1) 463 (S-S), 1659 (C¼O), 3267 (-NH).

Didodecanoyl 2,20-disulfanediylbenzamide, 3. White powder. Yield,
67%; mp: 87–94 �C; [Found: C, 70.67%; H, 9.43%; N, 5.00%; S, 10.01%;
required C36H40S2N2O2 C, 70.59%; H, 6.54%; N 4.58%; S 10.46%]; IR:
(ѵmax/cm�1) 465 (S-S), 1656 (C¼O), 3267 (-NH).

Dimyristoyl 2,20-disulfanediylbenzamide, 4. White powder; Yield,
61.4%; mp: 94–98 �C; [Found: C, 73.02%; H, 9.06%; N, 3.85%; S, 9.56%
required C44H72N2S2O2 C, 72.88%; H, 10.01%; N, 3.86%; S, 8.84%]; IR:
(ѵmax/cm�1) 454 (S-S), 1658 (C¼O), 3278 (-NH).

Dipalmitoyl 2,20-disulfanediylbenzamide, 5. White powder. Yield, 63%.
IR: (ѵmax/cm�1) 454 (S-S), 1658 (C¼O), 3278 (-NH).
3.2. Antibacterial activity

Antibacterial tests were carried out against 2 Gram-positive (Staphy-
lococcus aureus (ATCC 29213) and Bacillus cereus (ATCC 10876)) and 3
Gram-negative strains (Escherichia coli (ATCC 22922), Klebsiella pneu-
monia (ATCC 13883) and Pseudomonas aeruginosa) using the broth-
dilution method in 96-well plates as described in our previously re-
ported method [24]. The concentration of the compounds used were in
the range of 10–100mM. Cetyltrimethylammonium bromide (CTAB) and
DMSO were used as positive and negative control respectively. The
antibacterial activities were expressed in terms of their minimum
inhibitory concentration (MIC).
3.3. In-vitro cytotoxicity assay

HaCaT cells in 100 μL of medium (Dulbecco's Modified Eagle Medium
(DMEM) supplemented with 50 mL fetal bovine serum (FBS), 5 mL N-
glutamine, 5 mL Streptomycin and penicillin) were seeded in 96-well
plates one day prior to the experiment and left to incubate for 24 h.
After incubation the medium was removed and the cells were treated
with the disulfifes 1 to 5 (20–1.25 mg/mL). The cells were also treated
with the blank solution (4% ethyl acetate) and the positive control (20%
DMSO) and incubated at 37 �C at 5% CO2 for 24 h. Following incubation,
the cells were evaluated for any changes in morphology using An Evos FL
Auto cell-imaging high-resolution microscope. The medium was
removed and the cells were washed with phosphate-buffered saline so-
lution (PBS) (100 μL). MTT solution (50 μL, 1 mg/mL) were added to
each well and the plates were incubated at 37 �C at 5% CO2 for further 2
h. After incubation, the MTT reagent was removed and isopropanol (100
μL) was added to each well. The 96-well plates were then swayed for 30
min at room temperature and the absorbance was recorded using a
141003F Synergy HTX multi-mode reader. Mean values of 3 wells per
treatment were determined for at least 3 independent experiments.
3.4. BSA binding studies

All measurements were carried out on a Perkin-Elmer LS-55 spec-
trofluorometer equipped with a Xenon lamp, using a 1.0 cm quartz
cuvette. The Perkin-Elmer FLWinlab software was used to calculate the
wavelength values.
7

3.4.1. Steady state/intrinsic fluorescence study
BSA stock solution (10 μM) was prepared in phosphate buffer of pH

7.4. Phosphate buffer (2.0 mL, pH 7.4) and BSA stock solution (1.0 mL,
10 μM) were added to a quartz cuvette. The fluorescence intensity was
read at 336 nm (excited at 295 nm) in the range of 300–400 nm at 298 K.
The excitation slit and emission slit were set to 10 nm and 5.0 nm
respectively. The BSA solution was then titrated with stock solution of
the disulfides (0.001 M). The fluorescence of BSA for each addition was
then read at 336 nm.

3.4.2. Thermodynamic BSA studies
Phosphate buffer (2.0 mL, pH 7.4) and BSA solution (1.0 mL, 10 μM)

were added to a 1.0 cm quartz cuvette. The solution was excited at 295
nm and scanned in the range of 300–400 nm at 3 different temperatures
namely: 298, 308 and 313 K. The BSA solution was then titrated against
15 μL of the disulfide.

3.4.3. Competitive binding studies of disulfides 1 to 5 using site markers
Phosphate buffer (1.5 mL, pH 7.4), site marker (warfarin or

ibuprofen) (0.5 mL, 10 μM) and BSA (0.5 mL, 10 μM) were added to a 1.0
cm quartz cuvette. The BSA solutions were excited at 295 nm and scan-
ned in the range of 300–400 nm at 298 K. The excitation and emission
slits were set to 50 nm and 2.5 nm respectively. The BSA solutions were
then titrated by successive addition of 1 μL of compound. A final volume
of 15 μL of the disulfides were added. The fluorescence of the BSA so-
lutions were then read at 336 nm. The same procedure was used for
titration with ibuprofen site marker.
3.5. Critical micelle concentration (CMC)

CMC of disulfides 1-5 was evaluated at 298 K using pyrene as fluo-
rescence probe in the concentration range of 10–5 mM. Pyrene stock
solution (10 μL, 0.1 mM) was transferred into 20 different vials. After
evaporation of the methanol, solutions of the disulfides 1-5 (3 mL) of
varying concentrations were added to the vials to yield a final concen-
tration of 1.6 μM of pyrene in each vial. The solutions in each vial were
mixed mechanically using an orbital shaker for 24 h prior to recoding the
spectra over the range of 350–450 nm. The excitation wavelength was set
at 334 nm and the emission wavelength was recorded at 373 (I1) nm and
384 (I3) nm. The excitation and emission slits were set to 5.0 nm and 2.5
nm respectively. The CMC of the disulfides 1-5 were obtained from the
graph of (I1/I3) against concentration of disulfide.
3.6. Molecular docking

The crystal structure of BSA was obtained from the Protein Data Bank
(PDB, id: 4F5S) and hydrogen atoms were added using the Reduce
package [25]. Gasteiger–Marsili charges [26] were then assigned to the
BSA molecule using Open Babel 2.3.90 [27]. The BSA molecule together
with the structures of the disulfides 1-5 (drawn and optimised using
Avogadro 1.2.0 software) were imported into AutoDockTools and
docking was subsequently done using the Autodock 4.2 software [28].
Docking was done inside a three-dimensional grid box of size (70� 70 �
70) Å, with a grid spacing of 0.375 Å, centered on the Trp-213 or Trp- 134
residues to generate 100 low energy conformations using Lamarckian
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genetic algorithm (GA). Interaction diagrams were made with LigPlotþ
[29].

4. Conclusion

Diaryl disulfide derivatives with varying alkyl chain length (C8-C16)
were found to possess interesting physicochemical properties and bio-
logical activities such as antibacterial activities and a relatively favour-
able interaction with blood protein. The binding abilities of the
derivatives with BSA increase in chain length up to C12 and then decrease
with further increase in chain length, exhibiting a cut-off at C12. Inves-
tigation of the thermodynamic parameters showed that binding of the
derivatives to BSA occurs mainly due to van der Waals' forces and
hydrogen bonding. Molecular docking studies showed a similar trend to
what was observed in the fluorescence binding studies and in most cases,
the binding was found to be spontaneous and the disulfides showed
greater binding affinity to the Trp 213 over the Trp 134 residue. The
antibacterial activities of the derivatives against Staphylococcus aureus
were found to increase from C8 to C12 and then decrease at C16, dis-
playing a cut-off point at chain C12. The C10 exhibited the highest
inhibitory activity against Bacillus cereus with an MIC value of 2.53 mM.
The cytotoxicity of the compounds evaluated against the human kerati-
nocyte (HaCaT) cell line revealed that the toxicity towards the HaCaT
cells decreased with increasing chain length. This study has shown that
the diaryl disulfide derivatives can be promising candidate in the phar-
maceutical industry due to their antibacterial activity. Furthermore, their
ability to form micellar structures and their binding ability to blood
protein together with a low toxicity profile are some of the main attri-
butes of the compounds that make them suitable to be further investi-
gated as drug carriers.
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