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Abstract. Herein, we discuss various physicochemical
properties of cationic (CTAB), anionic (SDBS) and
nonionic (TX-100) surfactants in the absence and
presence of lysozyme, at different temperatures by using
tensiometery. The surface excess (I'max) decreases with the
increase in temperature for al three kinds of surfactantsin
the absence and presence of lysozyme, but the most
prominent decrease is to be observed for SDBS as
compared to CTAB and TX-100 in the presence of
lysozyme. The minimum area per molecule (Anir) follows
the opposite trend as expected. In addition, contact angle
analysis was also done to observe the wettability of
poly(methyl methacrylate) (PMMA) surface by these
surfactants in the absence and presence of lysozyme.
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1. Introduction

Lysozyme (Lys) is an antimicrobial and small
monomeric globular protein widely distributed in various
biological fluids [1]. It is constituted by 129 amino acid
residues with a specific pattern that contain 6 tryptophan
(Trp), 3 tyrosine (Tyr) and 4 disulfide bonds, and two
dominant fluorophores (Trp 62 and Trpl08) are also
arranged close to the substrate binding site that plays an
important role in binding with a substrate or an inhibitor
and in stabilizing the structure, as shown by high-
resolution crystal structure[2]. Owing to the physiological
and pharmaceutical functions, such as anti-inflammatory,
anti-viral, immune modulatory, anti-histaminic and anti-
tumor activities, it has been extensively used in the
pharmaceutical and food fields [3-5].

Surfactants have much accountability to lower the
interfacial tension and form various kinds of aggregatesin
solutions like supramolecular structures such as micelles
and bilayers, because of their amphiphilic nature [6].
Solubilization of membrane  proteins, protein
solubilization in reverse micdles, surface fouling and
cleaning, and stabilization of food colloids are influential
applications of protein-surfactant interactions. There are
different types of intermolecular forces results in the
relatively complex interactions between surfactants and
proteins because of the charged groups and hydrophobic
portions of both, i.e. ionic surfactants and proteins. The
electrodtatic forces may involve interaction of ionic head
groups of surfactants to the oppositely charged group on
the protein surface, while non-polar tail groups of
surfactants may bind to non-polar sites on the protein
surface through hydrophobic forces and such type of
interactions dependent on the nature of proteins as well as
the surfactant. At lower surfactant concentration, former
forces are responsible while at higher concentration that
latter ones are responsible, and with the increase in
surfactant concentration, the protein-surfactant complex
becomes initially more hydrophobic than the protein itself
and then decreases in hydrophaobicity.

The increase in wettability of a solid surface
(PMMA) has become an important task for widespread
applications and this can be enhanced with the help of
different single chain surfactants [7, 8], mixed surfactant
systems [9-11] and additives [12, 13]. Furthermore, the
adsorption of proteins to the solid surfaces plays an
important role in controlling cell interactions with
surfaces. However, vey few studies of proteins
adsorption with complex proteins mixtures and surfactants
on surfaces have been done and due to this, the
phenomenon is not well understood [14]. Herein, the



180

wetting properties of PMMA by different surfactants
(CTAB, SDBS and TX-100) in the absence and presence
of lysozyme exhibit some interesting results. Liu et al.
[15] proposed methyl methacrylate/N,N-
dimethylacrylamide (MMA/DMA) copolymers for use as
hydrogels. Hydrogels are three-dimensional polymeric
networks and have found widespread applications in the
biomedical industries, including drug deivery agents,
prosthetic devices and contact lenses[16, 17].

The literature on the individual effect of
cationic/anionic/non-ionic  surfactants on water soluble
proteins [18-21] is available, but the comparative studies of
these kinds of surfactants with the water soluble proteins
are scared. In this regard herein, we are investigating the
comparative effect of different kinds of surfactants, i.e.
cetyltrimethylammonium bromide (CTAB), sodiumdo-
decylbenzene sulphonate (SDBS) and t-octyl phenoxypo-
lyethoxyethanol (n=9-10, TX-100) in the absence and
presence of the lysozyme by using the tensiometery at
different temperatures. The contact angle analysis was also
done to show the wettability of poly(methyl methacrylate)
(PMMA) in the absence and presence of lysozyme by these
three different kinds of surfactants on PMMA a room
temperature. The aim of the present work is to investigate
the interfacial and wetting properties of different kinds of
surfactants in absence and presence of lysozyme, and their
thermodynamics.

2. Experimental

2.1. Materials

Lysozyme (> 98 %, Sigma, USA), CTAB (> 98 %,
Spectrochem PVT. LTD., Mumbai), SDBS (>99 %,
Sigma Aldrich, USA), and TX-100 (>98%, SRL,
Mumbai) were used as received, without further
purification. Their aqueous stock solutions of specific
concentration were prepared in doubly distilled water. The
specific conductance of doubly distilled water is
1.82 uS/cm, i.e. measured by the Eutech conductivity
bridge having a cell constant of 1.02.

2.2. Surface Tension Measurements

Surface tension g was measured by DetaPi
Langmuir microtensiometer (Kibron, Helsinki, Finland)
based on the Wilhelmy method and utilizing a small
diameter (0.51 mm) special alloy wire. The temperature of
the measurement cell was controlled by a Grant GD120
water thermostat with a temperature stability of +0.02 K.
The wire used in the measurement was cleaned by red hot
burning from butane gas through a blazer. The value y for
each set of experiment was measured by successive
addition of concentrated solution of the mixture in pure
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water and in lysozyme solution of known concentration at
definite temperature. In order to determine the values of
critical micelle concentration (cmc), two linear fits were
used for each of the isotherms. The first line was fitted to
the interval of concentration characterized by a linear
decresse of the surface tension and the second one to the
region of concentration with nearly constant surface
tension. The cmc was determined from the break point of
the surface tension g vs. logC curves and accuracy on the
individual surface tension reading is approximately
+0.2 mNm™,

2.3. Contact Angle Measurements

The contact angle measurements were made by
using Pheonix 150 (SEO, Korea) [22] to quantify the
changes in the wetting properties of pure lysozyme and in
the presence of SDBS, CTAB, and TX-100 via drop shape
analysis method on PMMA, at room temperature. 6 pl
solutions were used to create a droplet on the PMMA
surface. The data analysis was carried out by using surface
ware 7 ver.10.11 software. The images were captured at a
rate of 25 frames/second from atotal of 100 frames.

3. Results and Discussion

The physicochemica and thermodynamic
properties, of different kind of surfactants in the absence
and presence of lysozyme are discussed in the following
terms:

3.1. Critical Micellar Concentration

As shown in Table 1, the cmc value increases with
the rise of temperature in case of pure cationic (i.e.,
CTAB) and anionic (i.e., SDBS) surfactants as well asin
the presence of lysozyme, while cmc value decreases in
case of non-ionic surfactant (i.e, TX-100). For ionic
surfactants the increase is higher in case of SDBS as
compared to CTAB and dlight increase is also observed in
both cases in the presence of lysozyme (Table 1). In case
of non-ionic surfactant (i.e., TX-100), thereisavery dight
change to be observed. It is worth mentioning that cmc of
ionic amphiphiles first decreases at low temperatures and
increases at high temperatures [23], while in case of non-
ionic surfactants, the cmc decreases with increasing the
temperature [24]. In addition for ionic systems,
continuous increase in cmc with temperature is also
reported in some cases[25, 26].

3.2. Interfacial Properties

An effective measure of the adsorption a the
air/water interface is measured by the surface excess, [
(mol-m@), calculated by the Gibbs adsorption equation [27):
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and the minimum area per molecule, Amn (A9 by the
following equation [27]:

20
Avin :%
A ax
where R, T, and Na are gas constant, temperature (in
Kelvin), and Avogadro’'s number, respectively; n is
introduced to allow for smultaneous adsorption of cation
and anion, its value is taken 2 for ionic surfactants while 1
for non-ionic surfactant and (6g/6 1ogC) represents the
slope of the plot between y vs. logC.
The values of 'y and Anin arereported in Table 1.
I'max Value decreases with the increase in temperature,
where as Amin values increase. Thus, two factors complete
each other in case of al three kinds of surfactants are
pure, as well asin the presence of lysozyme, that suggests
these systems involve both e ectrostatic and hydrophobic
interaction [28]. In case of ionic surfactants, the value of
I'max decreases more in case of SDBS as compared
to CTAB that suggeststhe complex formation between

(2
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SDBS and lysozyme is more favourable as compared to
CTAB and lysozyme. At the same time Amin increases
oppasite to I max.

The surface pressure at cmc, meme, Was calculated
fromEq. (3) [29]:

3

where yo and yemc refer to surface tension of the solvent
system that is aqueous solution of lysozyme in the present
study and surface tension of the solution at cmc value. Its
value is maximum in case of TX-100, whereas in case of
ionic surfactants, the values are higher for SDBS as
compared to CTAB, because of its more hydrophobic
nature.

The values of pCy, Which are given by Eq. (4) (Cx
being the concentration required to reduce the surface
tension of solvent by 20 mNm* [27]), increase with the
increasein aq.

Pene =% - Yeme

PCyo =- 10050 Cyo (4)

The greater the value of pCy, the lower is the
concentration needed to reduce the value by 20 mN-m ™.
This result reveals that the system is more surface active.

Table 1

Variousinterfacial properties (cmc, Imax, Amin, Teme @and pCyo) for different surfactantsin the absence
and presence of lysozyme at different temperatures

Temperature, K | cmclemc®, MM | Tyc10', mol/m® | Ay A® | Teme | PCso
SDBS
298 1.38/1.23 25.97 63.93 37.0 334
308 145 20.57 80.73 381 329
318 157 16.65 99.76 41.3 3.79
SDBS+ Lysozyme
298 1.50/1.29 15.38 107.98 39.0 342
308 153 13.72 121.05 381 3.38
318 1.60 12.23 135.81 41.8 3.48
CTAB
298 0.92/0.89 25.00 66.42 349 357
308 0.93 23.27 71.35 36.2 3.66
318 0.94 21.47 77.33 35.2 3.62
CTAB+ Lysozyme
298 0.98/0.91 24.55 67.63 334 322
308 1.06 22.24 74.67 333 3.32
318 1.09 20.52 80.92 35.7 3.26
TX-100
298 0.30/0.28 36.02 46.11 44.99 0.04
308 0.28 33.80 49.14 40.24 0.03
318 0.27 30.24 54.92 44.37 0.02
TX-100+Lysozyme
298 0.29/0.30 39.34 42.20 42.37 0.05
308 0.27 33.68 49.31 43.10 0.04
318 0.26 30.17 55.04 41.58 0.03




182

Rajan Patel et al.

Table 2
Various ther modynamic parameters(DG., DG2,., DH?, DH? , DS’ , and DS,.)
for different surfactantsin the absence and presence of lysozyme
Temperature DG?, DS, DH?, DG2., | DS k¥mo | DHY,
kJmol™ Jmol K™ kJmol™ kJmol™ LK kJmol™
SDBS
298 -37.58 86.83 -11.70 -37.72 92.09 -10.28
308 -38.55 -11.80 -38.73 -10.37
318 -39.31 -11.70 -39.56 -10.28
SDBS+ Lysozyme
298 -16.11 45.53 -2.54 -16.36 49.93 -1.48
308 -16.60 -2.58 -16.88 -1.45
318 -17.02 -2.54 -17.36 -1.48
CTAB
298 -17.30 56.35 -0.51 -17.44 57.57 -0.28
308 -17.87 -0.52 -18.03 -0.30
318 -18.43 -0.51 -18.50 -0.28
CTAB+ Lysozyme
298 -17.16 42.45 -4.51 -17.30 44.36 -4.08
308 -17.53 -4.45 -17.67 -4.01
318 -18.01 -4.51 -18.19 -4.08
TX-100
298 -20.18 5.38 -18.58 -20.35 5.45 -18.68
308 -20.95 -19.29 -21.07 -19.39
318 -21.78 -20.07 -21.93 -20.20
TX-100+ Lysozyme
298 -20.14 5.52 -18.49 -20.25 5.63 -18.57
308 -20.91 -19.21 -21.04 -19.31
318 -21.78 -20.03 -21.92 -20.13

3.3. Thermodynamic Properties of
Micellization and Adsorption

Several thermodynamic parameters were calculated
at the air/water interface as well as in the micelles by
using the different thermodynamic equations. These
thermodynamics parameters suitably represent  the
systems feasibility.

The standard Gibb's free energy of micellization,
DG?, can be evaluated from Eq. (5):

DGY = RT AN Xy
where X isthe value of cme in mole fraction units.

All the values of DG? are negative, as shown in
Table 2, indicating that the process of micelle formation is
spontaneous and general trend shows that DG, values for

pure surfactant is more negative as compared to those in
the presence of lysozyme. With the rise in temperature the
values become more negative in all the cases. The results
reveal that the micellization process is more favorable for
SDBS in the presence of lysozyme as compared to CTAB
and TX-100.

()

Standard entropy of micellization (DS5) was

calculated from the temperature dependence of standard
Gibb's free energy of micellization using the relation (6)
[30, 31]:

_1(DGY)

0 _
DS =- 17 (6)

and standard enthalpy of micellization (DH2) was
obtained from the Gibb' s-Helmholtz equation:
DHp, = DGy, +TDS;, (7)
For the studied systems the DS? values (Table 2)
are positive, suggesting that the value is maximum for
pure SDBS compared to CTAB while in case of TX-100,
its value is much lower as compared to ionic surfactants.
In addition, an exothermic DH? suggests that
micellization is favored by the enthalpy change, the same
as entropy effect. The DHC, values (see Table 2) explain
different trends in al three surfactants. In case of SDBS
the value tends towards the increase in the presence of
lysozyme, while for CTAB the value is significantly
decreased in the presence of lysozyme. In case of TX-100



Interfacial and Wetting Behavior of Cationic, Anionic and Nonionic Surfactants in the Absence...

there is almost no change in the value of DHS in the

presence of lysozyme.

The molar free energy at the maximum adsorption
attained at cmc, Grin, is calculated using Eq. (8) [32]:

C':‘min = gcchnin NA (8)

Grin isthe minimum free energy of the given surface
with fully adsorbed amphiphile molecules. Lower the value
of the free energy, more stable is the surface formed. The
value of Gyin is minimum for TX-100 and maximum for
CTAB a al temperatures in the absence of lysozyme,
while in its presence there is almost no changein its value
for TX-100, dight increase is observed for CTAB and a
sgnificant increasein case of SDBS (Fig. 1).
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Fig. 1. Variation of G, with the temperature for different
surfactants in the absence and presence of lysozyme

The standard Gibb's energy of adsorption, DG,
is evaluated by using Eq. (9) [33]:

DGZ = DGY,- Pere 9
max

where zgm: = yo— yame 1S the surface pressure at the cne; yo
and y.me are the surface tensions of pure solvent and of the
amphiphilic solutions at the cmc, respectively. The values

of DG2,follow the same trend as of DG?, in all cases but
the are dlight more negative.
The values of DH2.and DS, (Table 2) are

evaluated from Egs. (10) and (11), as before from
relationships corresponding to Egs. (6) and (7):

DG
Deg, =- 1) (10)
DH 2ds = DGz?ds + TDSz?ds (11)

The values of DS}, are also positive but dightly
greater than DSY values in al cases, that reflects the
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greater freedom of motion for the hydrocarbon portion of
the surfactants at the planar air/aqueous solution interface
as compared to the interior surface of the micelle. In the

presence of lysozyme, the DS, values decrease in case of
ionic surfactants, and the decrease is more prominent in
case of SDBS as compared to CTAB. For TX-100 the
value is dlightly increased. The DHZ values are also
negative in all cases and dlightly lower in magnitude as
compared to DH? but thetrend is the same asfor DH?..

3.4. Structural Effects on Micellization
and Adsorption

The work involved (DG, - DG2,.) in transferring
the surfactants molecule from a monolayer and to the
micelle in the absence and presence of lysozyme at zero
surface pressure was calculated as prescribed by Rosen
[34] and is listed in Table 3. As shown in Table 3, the
“work of transfer” (i.e., the ease of adsorption to form a
monolayer at zero surface pressure relative to the ease of
micellization) shows almost no change except in the case
of SDBS in the presence of lysozyme with the change in
temperature from 298 to 318 K. In addition, the positive va

lues of DG, - DG2,. suggest the greater positive entropy

mic ~

change upon adsorption than micellization [35].

3.5. Wetting Properties

To explore the wetting behaviour of PMMA by
CTAB, SDBS and TX-100 with and without lysozyme,
the values of contact angle below and above the cmc, and
at the cmc were observed (Fig. 2).

701 —m— SDBS

—@— Lys+SDBS
—A— CTAB

—¥— Lys+CTAB
—4— TX-100
—»— Lys+TX-100

Contact Angle
u
o
1
[ J

30 . T T T T T T
0.0 05 10 15 2.0

Concentration

Fig. 2. Plot of concentration vs. contact angle
for different kinds of surfactantsin the absence
and presence of lysozyme
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Table3

Structur al effects on micellization and adsor ption for different surfactantsin the absence and presence of lysozyme

Temperature, (DGp ~DGg). T(DSp ~DS). (DHp ~DHZy)
K kJmol* kJmol ™ K™ kJmol*
SDBS
298 0.14 -1.57 -1.42
308 0.18 -1.62 -1.43
318 0.25 -1.67 -1.42
SDBS+ Lysozyme
298 0.25 -1.31 -1.06
308 0.28 -1.36 -1.07
318 0.34 -1.40 -1.06
CTAB
298 0.14 -0.36 -0.22
308 0.16 -0.37 -0.22
318 0.16 -0.39 -0.22
CTAB+ Lysozyme
298 0.14 -0.57 -0.43
308 0.14 -0.59 -0.44
318 0.18 -0.61 -0.43
TX-100
298 0.13 -0.021 0.10
308 0.12 -0.022 0.10
318 0.15 -0.023 0.13
TX-100+Lysozyme
298 0.11 -0.030 0.08
308 0.13 -0.031 0.10
318 0.14 -0.032 0.10

From Fig. 2 it can be seen that in the absence of
lysozyme, the value of contact angle is maximum for
CTAB, followed by SDBS and the minimum value was
observed for TX-100 on PMMA. Furthermore, the contact
angle values are less in SDBS as compared to CTAB
because of more hydrobhobic nature of SDBS as
compared to CTAB. The data also revedl that the solid-
liquid interaction was maximum for TX-100 because of
polyoxyethylenes groups. The adsorption of such type of
surfactants initially proceeds via hydrogen bonding
between their ethylene oxide groups and an adsorbent
surface [36, 37] that results in minimum contact angle
values for TX-100. In addition in the presence of
lysozyme the contact angle value (63.80 for pure
lysozyme on PMMA) decreases for al three surfactants
because of hydrophobic-hydrophaobic interactions, but the
decresse is maximum for TX-100. Therefore, it was
suggested that the wetting of PMMA in the presence of
lysozyme was found to be more with TX-100 at the air-
water interface, while in case of CTAB and SDBS (in the
presence of lysozyme) the effect is reversed as in the
absence of lysozyme due to strong complex formation
between CTAB-lysozyme and the SDBS-lysozyme. This
strong complex is formed actually because of the negative
charge on lysozyme (aspartate) that strongly binds with
CTAB dueto the positive nature.

4. Conclusions

It has been shown from the above discussion that
the presence of lysozyme alters the cmc of all three kinds
of surfactants in such a manner that the cmc value
increases with the rise of temperature in case of pure
cationic (i.e.,, CTAB) and anionic (i.e., SDBYS) surfactants,
as well as in the presence of lysozyme. The cmc value
decreases in case of non-ionic surfactant (i.e., TX-100). If
ionic surfactants are used, the value of I'ya decreases
more in case of SDBS as compared to CTAB that
suggests the complex formation between SDBS and
lysozyme is more favourable as compared to CTAB and
lysozyme. The value Anin increases in the trend opposite
to I'max. The G value is less in case of TX-100, which
reveals that TX-100 is adsorbed strongly on the surfacein
the presence of lysozyme. The results concerning contact
angle suggested that the wettability of PMMA is more
with the non-ionic surfactant (TX-100) in the presence of
lysozyme than that with ionic surfactants (SDBS/CTAB).
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MDIK®A3HI TA 3SMOYYBAJIbHI BJIACTUBOCTI
KATIOHHUX, AHIOHHUX Il HEUOHHUX ITAP Y
IMPUCYTHOCTI I BIACYTHOCTI JII3OIUMY

Anomauin. 3 suxopucmannsim mensuomempii 00CHiONCeHi
@izuxo-ximiuni enacmusocmi kamionnux (CTAB), anionnux (SDBS)
i netionoeennux (TX-100) TIAP 6 npucymuocmi i e6iocymuocmi
nizoyumy 3a pisHux memnepamyp. Bcmanoeneno, wjo eenuuuna
Haomuuky nogepxHi  (Iyex) 3MEHUYEMbC 13 30U1bULCHHAM
memnepamypu 0. 6cix mpwvox eudie IIAP 6 npucymnocmi i
gidcymnocmi  1i3oyumy, aie Haubilbll GUPAJICEHEe 3HUIICEHHS
cnocmepicacmocss ha DBS y nopiensuni 3i CTAB i TX-100 y
npucymnocmi nizoyumy. Ax i ouiKy8anocs, enutuHa MiHIMATbHOT
naowi Ha o0ny monexkyny (Amin) Mac npomunesncHy menoeHyiio.
IIposedeno ananiz Ona GUSHAYEHHS KPALIOBO2O0 KYMa 3MOYY8AHHSA
nosepxui  noni(memun memaxpunamy) oocuioxcysanumu TIAP ¢
npucymnocmi i gi0CymHoCmi 1i30yumy.

Knrwuosi cnoea. nosepxnesuil Hamsae, N08EPXHEE0-aKMUBHI
pedosuH, T30YUM, HAOTUUOK NOBEPXHI, SMOUYBAHHSL.






