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This review focuses on the self-aggregation properties of different drugs, as well as on their interaction with
anionic, cationic, and gemini surfactants. The interaction of drugs with surfactants has been reviewed
concerning conductivity, tension, viscosity, density, and UV-Vis spectrophotometric
measurements, and their relation with critical micelle concentration (CMC), cloud point, and binding
constant. The conductivity measurement technique is used for the micellization of ionic surfactants.

surface

Cloud point studies can be used for the non-ionic, and also for certain ionic surfactants. Usually, surface
tension studies are mostly employed for non-ionic surfactants. The degree of dissociation that is
determined is used to evaluate thermodynamic parameters of micellization at various temperatures. The

effect of external parameters like temperature, salt, solvent, pH, etc., is discussed for thermodynamics
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1. Introduction

Surfactants are widely used chemical compounds that act as
cleansing agents due to the formation of micelles. Surfactants
are amphiphiles, surface-active agents that change interfacial
properties and help to remove a phase from solid surfaces. Also,
surfactants are used in the production and processing of foods,
pharmaceuticals, agrochemicals, laundry, petroleum, mineral
ores, fuel additives, paints, adhesives, and photographic films.*
The interaction of drugs with surfactants has been studied in
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the last few decades.> Due to the hydrophobic nature of many
kinds of drugs, their bio-availability is lower. The application of
surfactants during the formulation of the drug increases its
bioavailability.® Micelles formation is an important phenom-
enon of surfactants which is due to the spherical aggregation of
its molecules balancing the interactions of polar and non-polar
parts. The concentration of surfactant above which micelles are
formed is called critical micelle concentration (CMC).* The
formation of micelle facilitates the solubilisation of hydro-
phobic drugs and hence increases their bioavailability.®

Any substance (other than food) that is used to prevent,
diagnose, treat, or relieve symptoms of a disease or abnormal
condition is called a drug. Drugs can also affect how the brain
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and the rest of bodywork and cause changes in mood, aware-
ness, thoughts, feelings, or behaviour.”

The solubility of poorly aqueous soluble drugs can enhance
by different methods like the use of surfactants, preparation of
salts of drugs, the use of polymers, preparation of drug nano-
particles etc.® Among them surfactants are effective members
that can be used for stabilizing drugs, and delivery of drug and
enhancement of drug solubility in aqueous media.®*® Solubili-
zation of drugs using surfactants effectively decreases the
contact of the drug with inactivating agents like enzymes and
hence reduces the side effects of drugs. Therefore, there is great
significance of the micelle aggregate of amphiphile to dissolve
the water-insoluble medicines to reduce toxicity, and increase
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Fig. 1 Structure and classification of surfactants. This figure is repro-
duced from ref. 6 with permission from Elsevier, Copyright 2017.

bio-availability.” Due to the large surface area, surfactant
micelle can be added toward chemical reactions to increase the
rate of reaction rate termed as catalyst.’>'® The micelle structure
is concerned with the bio-membrane arrangement.'** It is
enthusiasm for every researcher to observe the interaction of
bio-membrane & drug and other materials of body fluid. Since,
the study is also concerned with the behavior of interaction of
surfactant and drug in the presence of varieties of solvents,
electrolytes, salt, etc.'® Additionally, surfactants can be used in
drug delivery systems to increase the solubility and bioavail-
ability of drug species and to decrease the degradation rate of
drug molecules by interacting micelles with drug molecules
either through their outer surface or through their interior
part.’”'® Surfactant protects drug molecules from adverse
effects of the biological environment as they can stay in the
human body for a longer period.**° To develop an effective drug
delivery system, transdermal penetration of drugs, treatment of
respiratory distress syndrome (RDS) and to design new drugs, it
is necessary to focus the study on the aggregation behavior of
amphiphilic drugs, their interaction with the micelles of
surfactants, and the effect of several factors like pH, tempera-
ture, additives, solvent, ionic strength, etc.”~* According to
a literature survey, surface tension, viscosity, density, conduc-
tivity, spectroscopic analysis, CMC values, and binding and
distribution properties of surfactants are responsible for effec-
tive interaction with drug entities.” Among the different kinds
of surfactants, non-ionic surfactants are found to be less toxic
and eco-friendly. These surfactants consist of polar heads which
are not electrically charged and are soluble in water due to the
formation of hydrogen bonding.>* The structure and classifica-
tion of various surfactants are given in Fig. 1. Numerous drugs
can form micelles-like surfactants in an aqueous or non-
aqueous medium. In high doses, such drugs can associate
with different parts of the body which may cause a harmful
effect. To reduce the such effect, micellar solubilisation using
surfactants is the most effective method for hydrophobic drugs
because it decreases the contact of drugs with enzymes like
inactivating species and hence reduces the side effects of
drugs.”® The worm-like micelles of biocompatible or

© 2023 The Author(s). Published by the Royal Society of Chemistry
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biodegradable surfactants have wide applications in drug
delivery systems.”® Surfactants play a critical role in the forma-
tion of colloidal-sized micelles in solution, which has particular
significance in pharmacy due to their ability to enhance the
solubility of sparingly soluble drugs in water & finally increases
the bioavailability of drugs. From the literature survey, it has
been found that lower doses of the surfactant increased
absorption of the drug by altering the permeability of the
membrane but higher doses decreased absorption due to the
unavailability of the drug molecules entrapped in the micelles.
This review gives information about the interaction between
drugs and surfactants to explain the solution properties like
conductivity, surface tension, viscosity, density, and spectro-
scopic analysis. The discussed drugs and surfactants along with
their structure are listed in Tables 1 and 2.

It also deals with the effect of external parameters like
temperature, salt, solvent, and pH on drugs-surfactant inter-
action. The positive aspects of drug-surfactant interaction are
to increase its bioavailability, easily solubilise, etc. which has
been explained above as well. There is not much literature about
its negative aspects whereas spectroscopic study suggests its
limited interaction below cloud point only within specific
temperature.*”

2. Characterization of drugs—
surfactants interactions

Surfactants can improve pharmaceutical physicochemical
properties. Understanding drug-surfactant interactions plays
a key role in enhancing therapeutic efficacy and their applica-
tion in pharmaceuticals and other industries.

Drug-surfactant interactions are influenced by a number of
factors, including surfactant concentration, surfactant type,
and protein structure. There are numerous characterisation
methods or approaches that show the interactions between
drugs and surfactants. Different strategies are covered in the
subsections and the most popular ones are explained here.

2.1 Conductivity measurement

While the study of the micellization of ionic surfactant, the
conductivity measurement is taken which helps to analyze the
degree of dissociation which can be applied to obtain thermo-
dynamic parameters of micellization. On the other hand, the
non-ionic surfactants reflect phase separation on heating in the
post-micellization region. Hence, the conductivity measure-
ment technique is applied for the micellization of ionic
surfactants and cloud point measurement for non-ionic
surfactants.

The study on conductivity, cloud point, and molecular
dynamics simulations for the interaction of surfactants with
ciprofloxacin hydrochloride (CFH) drug shows that the value of
cloud point of Tween-80 (TW-80) surfactant and CFH mixture
decreases with increase in CFH concentration. The micelle
formation process for the TW-80 + CFH mixture was found to be
spontaneous but the clouding phenomenon was
spontaneous.*®

non-
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Table 1 Name and structure of different drugs
SN Name of compounds Structure Ref.
o o}
g ) | 'OH
1. Moxifloxacin hydrochloride [EN . 2
.}‘.1 % /O A *HCI
®
e A § s
2. Cefepime \imj;( P N\O 11
Y .
)
3. Ciprofloxacin hydrochloride | 28
. OH
o o
Sy o : H
SPON
4. Levofloxacin | 29
OH
.
o o
\N -
HClI
5. Promethazine hydrochloride 30
N
A~
6. Cephalexin monohydrate | /Q/O "o 31
o o
) 'OH
7. Lomefloxacin hydrochloride ﬁ/\ | 32
N
8. Rifampicin 35
H
N
9. Paracetamol Y 36
0
HO
HCl |
N
O/\/ N
10. Diphen hydramine hydrochloride 37
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SN Name of compounds Structure Ref.
11. Tetracaine hydrochloride m S 47
e NS 1
OH
HO. o O
o0t
0 H,0
12. Routine trihydrate OH 0 N\ _WOH HO 48
n, 0. 0. H0
HO” N o or
oH
™Y
13. Sparfloxacin )\/ " " 49
Lo
.
NH, o o
e b
A
14. Ceftriaxone sodium trihydrate Ji‘/ g i~ 54
Y P~
- Y yan
HO.
o
T
. Y HN g S
15. Cefadroxil monohydrate i 55
N
H0 [} &
o OH
\N e
HCI
16. Promethazine hydrochloride 30
N
-
/N N NH,
17. Metformin hydrochloride \H/ T 61
NH NH
HCI
. o
18. Cefixime trihydrate o/lN s "f\/ 67
OH
19. Ibuprofen 70
(o}
20. Amitriptyline hydrochloride ! | ! 75
/
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Table1 (Contd.)
SN Name of compounds Structure Ref.
21. Terazosin SN \))K[) 83
LT
O/%u/\/O:O
22. Carvedilol phosphate " i o 85
i o
D)
p—a
23. Itraconazole S ..... D— g )i 87
T oon
/ —
o N
TS NH,
24. Isoniazid - 90
=
N
25. Mitoxantrone o . \_\_\_ 92

Bhardwaj et al.*® studied the sodium dodecyl sulfate (SDS)
and levofloxacin drug interaction in the context of conductance
study, CMC, and some thermodynamic parameters at different
temperatures. The CMC value was found to be decreased in the
presence of a drug. The value of specific conductance increases
with an increase in SDS concentration at all temperatures but
an increase in the concentration of the drug (levofloxacin)
decreases the value of specific conductance (k). Fig. 2 illustrates
the plot depicting the specific conductivity of SDS in the pres-
ence of three distinct concentrations of levofloxacin. The pres-
ence of the drug causes a decrease in the CMC values when
compared to the standard CMC value of SDS in water. The
presence of different functional groups (-F- and -COOH-) on
levofloxacin results in better interaction and therefore causes
earlier micellization. Levofloxacin's added hydrophobicity cau-
ses a decrease in the CMC value of SDS. Such decrement of CMC
of SDS in an aqueous medium of levofloxacin attributed to
hydrogen bonding between the -H (COOH) of the drug & the -O
(S04>7) of the SDS moiety, existence of hydrophobic interaction
within the hydrophobic tail of the SDS and the hydrophobic
group of the drug which contribute toward formation of
micellization.

Since, the associate of factors (hydrophobic interaction and
H-bonding) dominates the ion-ion (-COO- of drug and O- of
SDS) and ion - hydrophilic (-COO- of drug and SO,>~ of SDS)
cooperation during the process of micellization. The increment
of CMC with an increment of temperature also affects the

17690 | RSC Adv, 2023, 13, 17685-17704

disruption of water structure toward the hydrophobic portion of
the surfactant molecules which opposes the micelle formation
leading to an increase in CMC values.

The effect of additives and temperature on the solution
properties of TTAB was studied by Amin et al.** by conductivity
measurement and molecular dynamic simulations. The inter-
action between TTAB and promethazine hydrochloride (PMH)
drug shows that the value of CMC of surfactant decreases with
the addition of PMH drug. In this study, the influence of NaCl
and Na,SO, salts was also studied. The result shows that the
value of CMC in the presence of sodium salts (CMCnaql) is
greater than that of sodium sulfate (CMCyas0,). It is because
Na,SO, easily creates a favorable condition for micellization
than NaCl. Since the sulfate ion is a strong kosmotropic ion
with high charge density than the chloride ion which has a low
charge density & is called a chaotropic ion. Such ion has
a higher capacity to break down the water molecule & reduces
the aggregation of amphiphile monomers.

The interaction between cephalexin monohydrate (CLM)
with the ionic surfactants CTAB & SDS, and non-ionic surfactant
Triton X-100 was investigated by Hogue et al®" by using
conductivity measurement & spectroscopic techniques in H,O &
H,0 + NaCl media. The CMC values were found to decrease
non-linearly with increasing concentrations of NaCl for all
surfactant-drug mixtures. It was found that the addition of
NaCl stabilizes the CLM-supported surfactant micelles. The
process of decrement value of CMC with an increment of

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra02883f

Open Access Article. Published on 12 June 2023. Downloaded on 4/4/2026 3:21:19 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

Table 2 Name and structure of various surfactants
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SN Name of surfactants Structure of surfactants Ref.
O
1. Cetylpyridinium chloride (CPC) (\//\\//\/\/\/N' / 66
2. Sodium dodecyl sulfate (SDS) PO 29
N‘/
N
3. Cetyltrimethylammonium bromide (CTAB) & 31
Br
4. Tetradecyltrimethylammonium bromide (TTAB) @i\/\T< 30
i i /\/\/VV\)L \’
5. Sodium lauroyl sarcosinate (SLS) T/T 35
O\F/\Okrl
6. Triton X-100 39
CizHzs OH
7. Brij 35 (6]
23
8. Dodecyltrimethylammonium bromide (DTAB) - 39
|\
o\s//o i
D// N
9. Dioctyl sodium sulfosuccinate (AOT) \/\jvo A(i 47

(a) () ()

Fig. 2 Specific conductance of SDS in aqueous solutions containing
levofloxacin; (a) 0.01 M, (b) 0.05 M, (c) 0.10 M at three different
concentrations and [298.15 (), 303.15 (@), 308.15 (A), and 313.15
(W) K at four different temperatures.

neutral salt (NaCl) is called the salting-out effect. Also, the CMC
value of CLM-CTAB mixture in pure water decreases at the
reduced temperature & gradually increases at increment
temperature. The CMC values for CLM-SDS mixtures in an
aqueous medium decrease with increasing temperature. In the
case of ionic surfactants, like CTAB and SDS, they undergo

© 2023 The Author(s). Published by the Royal Society of Chemistry

almost complete ionization in solution, and hence specific
conductivities (k) were found to increase gradually as shown in
Fig. 3. Since the inclusion of certain surfactants where «
increases to a specific level then distinct breakpoint was
observed during the plot of «x versus the concentration of
surfactant solution.

Conductivity and cloud point studies of the interaction of
lomefloxacin hydrochloride (LMFH) drug with anionic surfac-
tant SDS (Fig. 4) and non-ionic surfactant Triton X-100 in elec-
trolyte media were observed in two CMC values for LMFH + SDS
mixtures.*” The CMC of SDS increases with increasing LMFH
concentration while the CMC values of LMFH & SDS mixtures
were decreased by increasing the ionic strength of the electro-
Iyte. Haq et al.*® reported that increment in temperature and
concentration of surfactant, the conductivity of the surfactant
solution was increased.

2.2 Surface tension measurement

If the concentration or temperature of the respective surfactant-
based solution is increased then surface tension will be
decreased. An increment in temperature influence toward
breaking of the H-bond which influence the amphiphile mole-
cule being more hydrophobic.?*

RSC Adv, 2023, 13,17685-17704 | 17691
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Fig. 3 The concentration of SDS vs. specific conductivity (k) of the
CLM + SDS systems. This figure is reproduced from ref. 31 with
permission from Elsevier, Copyright 2021.
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Fig.4 A plot between specific conductivity vs. concentration of SDS in
0.05 mmol kg~* LMFH. This figure is reproduced from ref. 32 with
permission from Elsevier, Copyright 2021.

The interaction between amino acid-based surfactant,
sodium lauryl sarcosinate (SLS), and sodium stearyl sarcosinate
(SSS) with less water soluble drug rifampicin (RIF) on the
physiochemical and rheological properties of methylcellulose
(MC) surface active polymer system reveals different results.

The existence of a consistent amount of MC, two breakpoints
was seen within surface tension vs. concentration of surfactant
in Fig. 5, where the breakpoint at lower surfactant concentra-
tion reflects critical aggregation concentration (CAC) whereas
the second breakpoint at higher concentration corresponds to
CMC.

The initial addition of SLS/SSS to an aqueous MC solution
reduces the surface tension due to the replacement of MC

q -
u“-\-mq\_....-uli-
RAS-ML AT
a "’I' = | el
= Eas
E =" .
x L apg
i £
e
B = 7 jdi
= i
b s
"
e e
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..u| | i » 5]
i1 i ] o d

LS [mER] il

Fig.5 Plot between surface tension vs. concentration of surfactant (a)
SLS (b) MC + SLS (c) MC + SLS + RIF (d) SSS (e) MC + SSS and (f) MC +
SSS + RIF. This figure is reproduced from ref. 35 with permission from
Elsevier, Copyright 2020.
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molecules by surfactant molecules. It is because surfactant
molecules are much higher surface active than MC. In the
presence of RIF-drug, the surface tension also decreases with
the addition of surfactant to the mixture which is due to the
replacement of the MC-RIF complex from the air-water inter-
face. It is observed finally that, aggregation of polymeric chain
presence at less concentration than CMC within surfactant
solution where decrement within the presence of RIF due to
dominant hydrophobic interactions.*

The interaction between hydrophilic drugs, paracetamol
with the cationic surfactant CTAB in an aqueous media has
been investigated by Nabi et al*® using conductometric,
tensiometric, and spectroscopic methods. In the aqueous
phase, the surface tension decreases during the interaction
between surfactant and drug which is due to the breakdown of
hydrogen bonding at the surface and with the increased
concentration of amphiphiles. It was found that the surfactant
concentration was comparatively greater at the interface as
compared to bulk due to adsorption.

The surface tension method was applied to investigate the
values of CMC of single and mixed amphiphiles (diphenhy-
dramine hydrochloride).*” It is observed that an increment of
surface tension with an increment of amphiphile concentration
in a specific condition. The possible value of CMC can be
calculated via the breakpoint of y vs. log[C] graph. Since
decrement of y at the premicellar region is due to hydrophobic
groups of amphiphile being able to have separation from the
water and adsorbed at the surface. Since saturation is observed
on the surface within amphiphile molecules, an increment
within the concentration of amphiphiles forces them to aggre-
gate into a micelle.

2.3 Viscosity measurement

The volumetric properties, viscosity coefficients & aggregation
behaviour of binary mixtures of 1,8-diazabicyclo[5.4.0]Jundec-7-
enium acetate (DBU-acetate), protic ionic liquid (PIL) with
water—ethanol & acetonitrile was studied by Musale et al.*® The
relative viscosity data of the DBU-acetate solution was studied
by using the Jones-Dole equation for obtaining viscosity coef-
ficients. Fig. 6 shows that variations in the viscosity behaviour of
DBU-acetate in water, ethanol & acetonitrile solution were due
to ion-dipole interaction between the ions & solvent. There was
no significant increase in viscosity value at lower concentrations
of PIL solution due to the solvation of ions but in the concen-
trated solution increasing ion-ion interactions results enhances
the value of viscosity.

Thummer et al.*® investigated the interaction of a tri-block
co-polymer with various surfactants (SDS, DTAB, and TX-100)
to form hydrophilic co-polymer surfactant complexes in
aqueous media. The researchers used several techniques to
measure the properties of these complexes, including surface
tension, dynamic light scattering, and viscosity measurements
at different temperatures in both water and NacCl solutions.

One of the techniques employed in the study was dilute
solution viscosity measurements, which helped the researchers
to obtain information on the hydrodynamic size of micellar

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Plot between relative viscosity (n,) vs. the square root of
concentration (c?) of [DBUH][OACc] in water, ethanol, and acetonitrile.
This figure is reproduced from ref. 38 with permission from Elsevier,
Copyright 2020.

aggregates in terms of intrinsic viscosities [n]. To do this, the
Huggins equation was used.

Fig. 7 shows the variation of intrinsic viscosities and Hug-
gins constant with the concentration of surfactants. The figure
indicates that the intrinsic viscosity values increase as the
surfactant concentration increases, regardless of whether the
surfactant is ionic or non-ionic. On the other hand, the Huggins
constant values show a decreasing trend as the surfactant
concentration increases.

The intrinsic viscosity rate of copolymer-surfactant mixtures
is determined by multiple factors, such as the size of the
hydrophobic core and hydrophilic shell of the micelles, the
number of unimers, the equilibrium constant of micelles <
unimer, and the amount of hydrated water in both micelles and
unimers, as well as the hydrated water of surfactant micelles.
When copolymer and surfactant are mixed, the resulting solu-
tion contains surfactant-bound unimers or micelles, and the
mixed micelles have the maximum number of surfactant
molecules. This leads to an increase in the hydrophilicity of the
solution compared to pure copolymer micelles, resulting in
high intrinsic viscosities.

Shakeel & Mohmood* studied the volumetric, viscometric &
aggregation properties of sodium valproate (SV) in an aqueous
solution & also the interaction of the drug with CTAB. For the
viscosity measurement of the SV solution, the Jones-Dole
equation was used. The positive value of the Jones-Dole coef-
ficient (J-D coefficient) for SV in an aqueous solution reflects
structure promoting effect of the drug on water. While
a decrease in the J-D coefficient with a rise in temperature

2.0
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4 1.2
4 10 =

-4 0.8
4 0.6
4 04
41 0.2
0.0

o s 10 15 20 25 30 35 40
Surfactant concentration, mM

Fig. 7 Intrinsic viscosity and Huggins constant versus temperature.
This figure is reproduced from ref. 39 with permission from Elsevier,
Copyright 2011.
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shows the hydrophobicity of the solute. Gibbs free energy for
the viscous flow of solution was found to be +ve & larger than
the free energy of activation per mole of solvent which indicates
the stronger interaction of the drug with solvent molecules in
the ground state as compared to that in the transition state. It
also represents the destruction & breakage of intermolecular
bonds in the solvent structure. The positive value of molar
activation enthalpy of viscous flow reflects the endothermic
process & transition state within the involvement of breaking of
bonds.

2.4 Density measurement

The density can affect the solubility and the stability of the drug-
surfactant system, which in turn can affect the efficacy of the
drug. At low densities, the drug-surfactant interaction can be
weaker due to the increased availability of solvent molecules,
leading to a higher degree of drug solubilisation.** Kaur et al.
discuss the effect of surfactant concentration and density on
drug release from microemulsions. The authors found that
increasing surfactant concentration and density can improve
drug release, but beyond a certain point, further increases can
lead to a decrease in drug release. The effect of surfactant
density on the properties of drug-loaded nanoemulsion was
studied by Khan et al.** The authors found that increasing
surfactant density led to increased stability and drug-loading
capacity of the nano-emulsion.

Sharma et al.*** studied the interactions between antibiotics
and anti-histaminic drugs with electrolytes under pressure at
various temperatures. The result shows that the value of density
increases with a rise in the concentration of drugs in aqueous
electrolytic solutions while the inverse effect of temperature on
density is due to an increase in kinetic energy of the molecules &
causes expansion on breaking the structure of water. When
CTAB interacts with cefepime the value of either density or
speed of sound increases, with an increase in the concentration
of the drug monotonically within all temperatures. As per
distinct observation, density is inversely proportional to the
temperature but directly proportional to concentration at
a specific temperature.”* Overall, the effect of density on drug-
surfactant interactions can be complex and depends on
a variety of factors, including the specific drugs and surfactants
involved in the concentration of each component and the
environmental conditions.

2.5 Spectroscopic studies

Various spectroscopic techniques are widely used in physical
and analytical chemistry to obtain the information regarding
detection, quantification, and identification of atoms and
molecules.® Proton nuclear magnetic resonance ("H NMR)
helps to find out the structure of a compound by identifying the
carbon-hydrogen framework of an organic compound.*® FTIR
and mass spectroscopy along with "H NMR gives total infor-
mation about the chemical structure of the compound and also
determine the exact position of a particular molecule in
a compound.*”*® Thapa et al.*® explain the binding nature of the
hydrophobic drug, tetracaine hydrochloride (TH) used as an
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Fig.8 UV spectra of TC in the presence of AOT and SDS are displayed
in plots A-1 and B-1, respectively. Plots A-2 and B-2 depict the TC-
AOT and TC-SDS systems. The solid red line in these plots represents
the linear fitting that was used to calculate K}, from the slope ratio and
intercept. In plots A-3 and B-3, the variation of micelle mean occu-
pancy (determined from absorbance data) with micelle concentration
is shown for TC-AOT and TC-SDS. The solid red line in these plots
represents the exponential fitting that was used to determine the total
mean ion occupancy (ip) from the empirical equation. This figure is
reproduced from ref. 49 with permission from Elsevier, Copyright
2021.

organic counter-ion on ionic surfactants using UV-spectro-
photometry. The binding constant (K;) of TC in AOT & SDS
surfactant was measured in the literature 49. The result shows
that AOT has a higher K}, value with a double carbon chain while
SDS has a single carbon chain with lower values of K;, (Fig. 8).
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Fig. 9 The H NMR spectrum of the CTAB molecule. This figure is
reproduced from ref. 50 with permission from Elsevier, Copyright
2021.
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Abbot and Sharma conducted a study® to analyze the ther-
modynamic, acoustic, and spectroscopic parameters of rutin
trihydrate with the cationic surfactant CTAB in hydro-ethanolic
solvent systems at varying temperatures and concentrations. In
the FTIR study, molecular interaction within CTAB & rutin tri-
hydrate was observed within surfactant solution. Additionally,
'"H NMR spectroscopic study suggests that the interaction
occurred at the less hydrophobic region of CTAB. The spectra
reflect the chemical shift of the CTAB molecule in Fig. 9. The
resonance peaks at ~3.26 ppm, ~1.66 ppm, and 1.42 ppm,
3.04 ppm, 1.24 ppm, and ~0.85 ppm reflect a, B, and y ~-CH,~
groups, [N + (CHj3);], bulkier -(CH,);,— group, (-CH;-) group
respectively. So, the micellar structure of surfactant (CTAB)
contains rutin trihydrate.

Sohail et al.°* studied the interaction between sparfloxacin
(SPRF) solution & DTAB, & SDS by thermo-acoustic, spectro-
scopic & electrochemical investigation at various temperatures.
The interaction between DTAB cation & SPRF anions reduces
their mutual repulsion forces which favor the drug aggregation
& hence the absorption of SPRF decreases with DTAB. In
contrast, SPRF absorbance initially decreases and then rises
with SDS. The self-association of drug molecules supported by
the surfactant chain cause an initial decrease in absorbance. In
the case of the premicellar region, the increase in absorbance is
due to absorb light that is favored by the formation of pre-
micellar aggregates while in the post-micellar region, the
increase in absorbance is due to entrapped of drug molecules in
the micelles, whose chromophores are directed near the surface
& hence they can still absorb light greater than in the aqueous
bulk solution.*

3. Effect of external parameters on
drugs—surfactants interaction

The relationship between pharmaceuticals and surfactants to
external factors has to be thoroughly studied for a variety of
biological, pharmacological, and therapeutic purposes. Under-
standing these sorts of mechanisms and related properties,
such as the degree of dissociation («), critical micelle concen-
tration (CMC), and thermodynamic parameters is critical for
understanding the pharmacodynamics and pharmacokinetics
of such a system. Since it is well established that variations in
temperature, salt, solvent, and pH within human bodies have
a substantial impact on the solubility, stability, and bioavail-
ability of pharmaceuticals, thus, it is even more crucial for us to
understand how these variables interact with the drug surfac-
tant systems.

3.1 Temperature

The value of CMC or Xcumc in the CFH + CTAB drug surfactant
system decreases as the temperature rises, passes the lowest
value at certain temperature, and then begins to grow as the
temperature rises further.”® The Xcmc vs. T plots showed
a nonlinearity pattern consistent with previous observations of
nonlinearity or a minimum position in the CMC vs. T plots for
several ionic amphiphiles,** as shown in Fig. 10. The alteration

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 A plot between In(CMC) vs. temperature for (CFH + CTAB)
mixed system. This figure is reproduced from ref. 55 with permission
from Elsevier, Copyright 2023.

in the type of hydration around the micelles can help explain
how the values of CMC change as a result of temperature.®
Positive AH values in an aqueous medium for CFH and CTAB
drug surfactant systems were found at 298.15 K temperature.
However, it changes to a negative value at 303.15 K and higher,
and as the temperature rises, the magnitude of these negative
values likewise grows. The AG and AS for the mixed system, on
the other hand, are negative and positive for all observed
temperatures, as indicated in Table 3.

In pure water, it was found that as the temperature was
increased for the system of the drug (ceftriaxone sodium tri-
hydrate) and surfactant (cetyltrimethylammonium bromide),
the CMC values first increased, peaked, and then tended to
decrease as the temperature increased, as shown in Fig. 10. The

Table 3 The thermodynamic properties of the studied system
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20 °C range was wide enough, with the highest temperature
being greater than that of body temperature, which is around
318.15 K. According to the pattern in the CMC vs. T plot when
the combination is injected into the body, its CMC will be
reduced at temperatures above and below 318.15 K (Fig. 11).>° At
the beginning, the values of AH were first found to be negative
(exothermic); however, the sign quickly flipped to positive
(endothermic), and those values climbed as the temperature
was increased. The value of AG was revealed to be negative, but
the values of AS were found to be positive and it climbed
gradually with increasing temperature (Fig. 11).

Akhtar et al. studied two systems and found that the cefa-
droxil monohydrate drug and cationic surfactant mixed system
(CFM + CTAB) had CMC values that first decreased with rising
temperature but then continued to rise after reaching
a minimum temperature (Tyi,). Moreover, as shown in Fig. 12,
the drug-anionic surfactant mixed system (CFM + SDS) showed
that the CMC values decreased with rising temperature, mostly
due to the breakdown of hydrophobic hydration that occurs
around the hydrophobic chain of the surfactant.”” In the pres-
ence of CFM, positive AS values are seen for the mixed system,
and the positive values decrease as the temperature increases.
The AH values in this system are negative, and the negative AH
values increase as the temperature rises. The (CFM + CTAB)
systems' negative AH and positive AS findings indicate that
electrostatic interactions are essential for the accumulation of

AG° AH° AS°
System Temp (K) (k] mol ™) (kJ mol ™) ( mol ' K™ Ref.
CFH + CTAB 298.15 —48.60 3.47 174.64 53
303.15 —49.50 —-9.14 140.16
308.15 —49.10 —20.94 115.38
CFM + CTAB 303.2 —46.94 —1.32 153.0 57
308.2 —47.79 —4.60 142.4
313.2 —47.67 —7.92 129.0
CFM + SDS 293.2 —32.06 7.38 129.3
303.2 —31.76 5.51 121.9
313.2 —33.46 3.36 112.4
TTAB + PMH + NaCl 300.55 —43.75 —12.52 103.89 30
305.55 —44.18 —-13.73 99.65
310.55 —44.99 —15.14 96.12
TTAB + PMH + Na,SO, 300.55 —45.89 14.72 201.67
305.55 —46.61 19.36- 215.90
310.55 —45.89 23.53 223.52
TTAB + CFH + NaCl 295.15 —42.76 8.11 172.37 69
300.15 —43.07 —0.94 140.38
305.15 —44.91 —10.68 112.15
TTAB + CFT 300.15 —33.23 —0.90 107.70 71
305.15 —35.15 17.92 56.49
310.15 —36.63 —36.76 —0.42
TTAB + CFT + EtOH 300.15 —36.32 12.50 162.64
305.15 —36.17 12.35 159.00
310.15 —37.01 12.51 159.66
TTAB + LFH 298.15 —41.03 —32.99 26.98 62
303.15 —40.83 —37.28 11.71
308.15 —42.32 —43.47 —37.13
TTAB + LFH + EtOH 298.15 —38.81 —55.61 —56.35
303.15 —39.22 —55.76 —54.53
308.15 —37.83 —52.30 —46.96

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Plot of In(CMC) versus T for (CFT + CTAB) mixed system
containing 0.30 mol L™ CFT in water. This figure is reproduced from
ref. 56 with permission from Elsevier, Copyright 2016.
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Fig. 12 (a) Plot between CMC vs. tempr. for the CFM + CTAB and (b)
CFM + SDS in the presence of 5.0 mM NaCl. This figure is reproduced
from ref. 57 with permission from Elsevier, Copyright 2008.

the drug and the surfactant, in addition to hydrophobic
contacts.* The positive values of AS and AH for the (CFM + SDS)
system decrease as the temperature Thus,
throughout the range of temperatures examined, and notably at
lower ranges of temperature, the micellization of the (CFM +
SDS) system is entropically controlled.>

The CMC; values increased gradually with temperature in
the aqueous solution of the drug Moxifloxacin hydrochloride
(MFH) and surfactant (TTAB) system, but in the case of CMC,,
the values increased initially with temperature, peaked, and
then decreased as the temperature increased. When the CMC of
the drug-surfactant system was obtained in the form of mole
fraction, the curve of In(CMC) versus T was achieved to be
nonlinear. With very few exceptions, the values of AH and AS for
the systems were positive at each of the temperatures that were
investigated. Although not always, their values declined as the
temperature increased gradually. According to the parameters
of AS and AH, the micellization phenomenon is only entropy
controlled in drug surfactant systems of MFH-TTAB.”

When the temperature is increased in a CPC + BSA mixed
system, the CMC or Xcwmc value drops to a certain temperature,
passes the lowest value, but then gradually climbs as the
temperature rises further (Fig. 13).°° All of the examined systems
have negative values of AG, which shows that micellization

increases.
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Fig. 13 In (Xc1*) with tempr. for CPC + BSA system in the presence of
0.05 mmol kg~* BSA in an aq. medium at different temperatures. This
figure is reproduced from ref. 60 with permission from Elsevier,
Copyright 2018.

events are thermodynamically spontaneous. The values of
AH;,,° and AH,,,,° for the drug surfactant system were negative
at 298.15, 308.15, and 303.15 K, and the negative values tended
to diminish as the temperature climbed from negative to posi-
tive (i.e., from exothermic to endothermic process). The data of
AH and AS show that the relationships between the drug and
surfactant are largely electrostatic and hydrophobic, with elec-
trostatic interaction dominating at lower temperatures and
hydrophobic interaction having a considerable impact at higher
temperatures.

It could be observed that the CMC vs. T plot is nonlinear for
both ionic and non-ionic surfactants. It is essential to under-
stand that in a system containing both drugs and ionic
surfactants, the CMC first decreases as temperature increases
until it reaches a minimum, at which point it begins to increase
as temperature increases further. However, in some circum-
stances, the value of CMC only rises as the temperature rises.
Furthermore, in the case of the mixed system of drug and non-
ionic surfactant, it is noted that at first, the CMC value rises with
temperature and then falls at higher temperatures.

3.2 Salt

When various salts are present, the resulting CMC for the drug
surfactant system is less in magnitude than for an aqueous
medium, indicating that the addition of salt encourages the
micellization of the drug surfactant system. In the presence of
a certain salt concentration, the CMC values of the system
exhibit the pattern CMCyjci > CMCnga,s0,- The CMC values of the
sulfate ion (SO,>") decrease more than those of the chloride ion
because it is a strong kosmotropic ion with a charge density that
is larger than the chloride ion. The obtained AG values for every
system were negative, demonstrating the thermodynamic
spontaneity of the association processes.®* The AH values are
found to be negative for drug-surfactant systems in sodium
chloride solution, suggesting that the process shows exothermic
activity.®> However, TTAB and Promethazine hydrochloride
(PMH) in Na,SO, medium produced a positive standard
enthalpy change AH, indicating that the method exhibits
endothermic activity. With electrolytes present, the measured
AS values for the TTAB + PMH combination are positive
(Fig. 14).*°

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 A plot between specific conductance vs. Cgyfactant for TTAB +
PMH mixture in (a) 3.02 mmol kg™ NaCl and (b) 3.01 mmol kg~*
Na,SO4 at 310.55 K temperature. This figure is reproduced from ref. 30
with permission from Elsevier, Copyright 2020.

The interactions of sodium dodecyl sulphate (SDS), cetyl-
trimethylammonium bromide (CTAB), and metformin hydro-
chloride (MNH) in the presence of NaCl have been investigated
using the conductometric technique. The CMC values were
dropped in the presence of NaCl, and they dropped even more
sharply when the amount of NaCl was raised at a specific
temperature.®® This effect is consistent with observations from
other systems that include ionic surfactants when NacCl is
present.** The strong electrical repulsion between the ionic
surfactant's positively charged head groups was much dimin-
ished, which was the main cause of the decline in CMC values.

The interactions between the surfactant cetylpyridinium
chloride (CPC) and the drug polyvinyl pyrrolidone (PVP) were
examined using the conductivity measurement method at
various temperatures and in the presence of salts like NaCl and
Na,SO,. In total, three different CMC values for the PVP and
CPC mixed system were found, as indicated in Fig. 15. In every
instance, it was discovered that the CMC for the PVP and CPC
combination was higher in the aqueous solution compared to
the presence of NaCl and Na,SO,. The CMC values of the drug
surfactant system were found to be greater in an aqueous
solution than in the presence of NaCl and Na,SO, in all
circumstances due to the repulsive interactions,* which
increased the diffusion coefficient and reduced the dimension
of the micelles.*

When non-ionic surfactant turbidity in solution becomes
apparent to the unaided eye, it is referred to as a cloud. The
cloud point (CP) is defined as the temperature at a certain point
or even above it where phase separation occurs. Below a partic-
ularly critical point, the micelle in the solution remains in
a single phase; however, above the CP, there is a decline in the

SOF @™ T

) 2 1 3 s 10 12 14
Cepe (mmol kg™ 1)

Fig. 15 A plot of k vs. concentration of CPC for the CPC + 0.1% (w/v)
PVP mixture in 1.50 mmol kg~ NaCl solution at 303.15 K. This figure is
reproduced from ref. 66 with permission from MDPI, Copyright 2022.
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Fig. 16 Plot of CP versus (a) CFH concentration for CFH + Tw 80
mixtures containing different Tw 80 concentrations (b) NaCl, Na,SO4
& NasPO,4 concentrations for 2.05 mmol kg=* CFH + 6.03 mmol kg~*
Tw 80 mixtures. This figure is reproduced from ref. 28 with permission
from Elsevier, Copyright 2021.

solubility of the drug surfactant mixture in an aqueous solution,
and the solution changes into a hazy diffusion. The CP of the
cefixime trihydrate (CMT) drug and TW-80 surfactant mixture
was reduced when various salts were included, compared to an
aqueous media. The literature also reports a more pronounced
decrease in CP values when Na,SO, is present than when NaCl
is present.®” The type of electrolyte may be able to regulate this
effect of CP value lowering.®®

The estimated CP values for Tw 80 + CFH mixed systems at
various CFH/Tw 80 contents are profiled in Fig. 16a.>® Similar to
this, the pattern of falling CP values in salt solutions was
discovered in the series of CP (NaCl), CP (Na,SO,), and CP
(NazPO,) (Fig. 16b).*®* The composition of added salt may
regulate this impact of reduced CP levels. Additionally, the value
of CMC of the surfactant TTAB and drug CFH combination in
the sodium chloride solution was lower than those of the
aqueous system in terms of magnitude. In surfactant systems,
the presence of electrolytes results in lower electrostatic expul-
sion between charged head groups, which is accomplished by
the counter ion particle (Fig. 17).%

Two mechanisms affect the CMC of the drug-surfactant
mixed system. For the first method, the electrolytes change the
property of water to act as a solvent, whereas, in the second, the
counter ions interact with their head groups to induce the
surface of the micelle to bind and/or diffuse the counter ions. In
comparison to the aqueous medium, it has been shown that the
CMC for the surfactant drug mixed system in an aqueous salt
solution is lower. The decrease in CMCs is brought on by the
weaker electrostatic interactions among the charged head of the
amphiphiles.

CP(K)
i
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.00 6.05 0.10 0.15 620

CF sals Gmol Kg™ 1)

Fig. 17 Plot between CP (K) vs. chloride concentrations for NaCl (),
KCl(®), and NH4CL(A), in 0.51 mmol kg~! CMT mixed with 6.05, 6.04,
and 6.06 mmol kg~ TW-80, respectively. This figure is reproduced
from ref. 69 with permission from Elsevier, Copyright 2020.
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Fig. 18 The plots representing the critical micelle concentration
(CMC) of the mixed system of TTAB + LFH vs. concentration of (a)
alcohols and (b) polyols at 303.15 K. This figure is reproduced from ref.
62 with permission from Elsevier, Copyright 2018.

3.3 Solvent

When alcohols were present, the CMC values for mixed systems
of LFH + TTAB showed larger magnitudes (except ethanol at
298.15 K). Similarly, in the polyols solution, it is observed that
the value of CMC for the drug surfactant system was less than
those obtained in the absence of polyols.”” This demonstrated
that the presence of alcohols harmed the micellization of the
mixture, whereas polyols had a positive impact. The ionic
surfactant head group experience more repulsion due to the
presence of alcohol, which increases the CMC value both while
alcohol is present and when the alcohol% increases (Fig. 18).”

Examining the impact of alcohols on the interaction of the
ceftriaxone sodium trihydrate with the surfactant revealed that
adding more ethanol raised the values of CMC of the drug and
surfactant combinations. Thus, CFT-TTAB mixture aggregation
is prevented by the ethanolic solution. All measured AG values
were negative for the ethanolic solution (C,Hs;OH), suggesting
that stable aggregation formation is thermodynamically spon-
taneous. Furthermore, the drug and surfactant mixed system
has positive AS and AH values in the C,H5O0H solution, which
suggests that the majority of their interactions are hydrophobic
(Fig. 19).™"

Abdul Rub et al.”* studied the interaction of sodium salt of
ibuprofen and sodium taurocholate mixture in different media.
Because urea is a strong protein denaturant, its hindrance to
micellization properties suggest that drug surfactant mixed
system have higher CMC values in urea than in an aqueous
solution.” Additionally, it has been suggested that urea has to
stabilize properties, which causes aggregation to occur at higher
concentrations.” According to Dias et al.,”® the addition of urea
causes H,O to become even more polar, which causes the urea

300 305 310 315 320
7 (K)

Fig. 19 Plot between In(CMC) with temperature for pure TTAB and
drug + TTAB mixed system. This figure is reproduced from ref. 71 with
permission from Elsevier, Copyright 2019.
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Fig. 20 CMC vs. a; of NalBU-NaTaC. This figure is reproduced from
ref. 72 with permission from Elsevier, Copyright 2018.

and water mixture system to solvate polar and ionic groups
more effectively than H,O alone. Urea has a stabilizing effect by
reducing the repulsive contact between head groups owing to an
increase in dielectric constant and better head group screening
as a result of bigger dimensions of urea compared to those of
water (Fig. 20).

Amitriptyline hydrochloride, an antidepressant,
a gemini surfactant (14-E2-14) were studied for their interaction
using a variety of methods, including FT-IR, tensiometry, UV-
visible spectroscopy, and fluorimetry in different distinct
mediums. When compared to the aqueous system, the CMC
values of drug surfactant combinations were reduced in the
presence of sodium chloride solution, but in the presence of
urea, there was an enhancement of CMC. In contrast to the
aqueous solution, the Nz, was observed to rise in the presence
of salt and fall in the presence of urea, which is because the
addition of urea increases the surface area per head group.”®
Greater N, in all solvents for the drug (AMT) and surfactant
(14-E2-14) system proves that micellar growth is a result of
a favourable synergistic relationship (Fig. 21).””

The conductivity approach was used at different tempera-
tures to understand the interaction of the drug amitriptyline
hydrochloride and surfactant sodium dodecyl sulphate in an
aqueous solution as well as in the presence of brine and urea.
Urea raises the critical micelles concentration (CMC) because of
an increase in the surface charges, but NaCl reduces the CMC
value due to the salting-out action of the mixture. Furthermore,
the degree of counter ion dissociation («) value is increased in

and

0.12

el N |
«\
AR \
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AMT + 14-E2-14
AMT + 14-E2-14 + 0.050 mol.kg"' NaCl
AMT 4+ 14-E2-14 + 0.50 mol.kg ' urea
AMT 4 14-E2-14 + 1.0 mol.kg™ urea

1P
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cme leme® (mmolkg”)
1 ]

0.04 e S
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Fig. 21 Plot between the change of CMC/CMCq value of AMT + 14-
E2-14 mixed system vs. mole fraction (aq) of 14-E214. This figure is
reproduced from ref. 77 with permission from PLoS One, Copyright
2020.
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Fig. 22 Relationship between the aggregation number (N,4g) and the
mole fraction of SDS («y) in mixed AMT + SDS systems in three distinct
media. This figure is reproduced from ref. 78 with permission from
Elsevier, Copyright 2016.

the involvement of urea, indicating that urea molecules are
removing H,O molecules from the hydration sphere; the
a values decrease in the availability of inorganic salt, indicating
improved aggregation of molecules is a function of increasing
charge density (Fig. 22).7®

The dielectric constant of the resultant EtOH-water mixed
medium also decreases with adding EtOH to water, which
facilitates an increase in repulsion between the head groups by
reducing solvophobic interactions. It takes more heat energy to
see the clouding effect as the mole fraction of surfactant rises. It
is important to note that a concentration that is substantially
higher than the critical micelle concentration (CMC) can still
result in micellar development.”” When heated to higher
compositions of EtOH above its boiling point, the system
exhibits no clouding of AMT; however, at pH 6.7, the clouding is
seen in mixed media containing up to 15 wt% of EtOH. This
difference in behavior from a prior investigation using different
solvents (ethylene glycol and glycerol) can explain by the
difference in dielectric constant values.*” In EtOH-water mixed
media, the degree of counterion dissociation («) of AMT
increases with % wt. of EtOH. The addition of 10% of GL & 15%
of EG raises the value of a slightly but not in a regular trend.**
The critical micelle concentration (CMC) and cloud point (CP)
values of the solution rise with the addition of solvents, with
ethyl glycol-water (EG-WR) mixed media showing a more
dramatic impact than glycerol (GL-WR) mixed media. The
increased electrostatic repulsion between the drug-micelle head
groups, accomplished by lowering the permittivity of the mixed
fluids, is responsible for the increase in values.**

Different types of additives found in the body or utilized in
drug formulation might influence drug surfactant interactions,
which can affect the drug release rate. Thus, to achieve greater
drug release and optimum drug activity, drug interaction with
surfactant in the presence of solvent should be understood. The
value of CMC of the drug surfactant mixture change according
to the additive, based on the interaction of the mixed system
with the solvent, and can either support or be a hindrance to
micellization.

3.4 pH

The impact of altering the pH to see how terazosin reacts elec-
trochemically, both with and without surfactant, was investi-
gated.®® Terazosin's stated pK, value is 7.1 and is used to treat
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Fig.23 Effect of pH on the response of terazosin at GC electrode. This
figure is reproduced from ref. 86 with permission from Elsevier,
Copyright 2003.

hypertension® and alleviate the symptoms of urinary blockage
in benign prostatic hyperplasia.** The interaction of the drug
both in the presence and absence of surfactant (sodium dodecyl
sulphate) is shown in Fig. 23(a) and (b) respectively, in the pH of
the B-R buffer. The highest and lowest oxidation current signals
in both solutions were measured at pH 5.0 and pH 9.0,
respectively. The fact that the oxidation peak potential is pH-
dependent suggests that protonation and deprotonation are
involved in the charge transfer process.*®

Chakraborty et al.*” investigated how pH affected the solu-
bilization properties of several surfactants for carvedilol phos-
phate and found the following was the order of solubility
increase at basic pH: CTAB > T80 > SDS > STC whereas in acidic
pH, CTAB and T-80 also show a significant solubility improve-
ment. The solubility of anionic surfactants in acidic media was
delayed, except for SDS at pH 1.2. It was shown that cationic and
non-ionic surfactants were successful in boosting the solubility
of carvedilol phosphate, and this mixture may be employed to
maintain the in vitro sink state in the primary dissolving

P Solubility (vl ')

s 10 15 20 25 30 35
SDS Concestration (mmol /dm’)

—e—oH12
—m—pH30

(b) 180

—a—pHeS

CP Solubility (muvwl fdn)

TS0 Concentration (mmel /dne®)
Fig. 24 (a)Effect of concentration of SDS on the solubility of carvedilol
phosphate in buffers of different pH. (b) Effect of concentration of T-
80 on the solubility of carvedilol phosphate in buffers of different pH.
This figure is reproduced from ref. 87 with permission from Elsevier,
Copyright 2009.
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Fig. 25 Solubility of itraconazole in surfactant solutions of 60 mM at
pH values of 3 (represented by red circles) and 6.5 (represented by blue
squares). This figure is reproduced from ref. 90 with permission from
Elsevier, Copyright 2020.

medium. Sodium chloride was used to lower the ionic concen-
tration of the media to 0.1 M.*® Fig. 24 shows the impact of the
concentration of surfactant on the solubility of carvedilol
phosphate at various pH levels.

The maximum availability of the drug-surfactant mixture
varies depending on the system pH. The appropriate pH range
in the production of drug formulations, the physicochemical
characteristics of itraconazole, and potential post-
administration situations all had a role in the selection of
these pH values.*® Itraconazole was significantly more soluble in
all anionic surfactant solutions at pH = 3, increasing in the
solution containing the surfactant C;,SO,Na to a maximum of
3.6 g L™ ! containing the surfactant C;,SO,Na. The effects of pH
on the other types of investigated surfactants, however, were
considerably less pronounced: for non-ionic surfactants, itra-
conazole showed an increase in solubility somewhat at pH = 3
compared to pH = 6.5. There was either no impact or a minor
decrease in solubility for the non-ionic surfactants, as shown in
the following (Fig. 25).°

Rippie et al. compared the experimentally derived data of
solubility and data collected by models at varying pH. Addi-
tionally, it became clear that the information projected by the
suggested model was even more accurate if the concentration of
surfactant was significantly large. At both pH 2.5 and pH 6.3, the
solubility of flurbiprofen rises in a straight line in tandem with
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Fig. 26 Solubility of flurbiprofen versus polysorbate 80 at different
solution pH. This figure is reproduced from ref. 91 with permission
from Wiley-Liss, Copyright 2003.
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the added surfactant, as demonstrated in Fig. 26. When the
medicine is largely ionized at pH 6.3, as opposed to when it is
mostly unionized at pH 2.5, the solubility of the drug increases
significantly.”

It investigated how introducing surfactant to the drug
(isoniazid) containing electrolytes affected the electrochemical
reaction. It was found that the pH of the medium played a role
in the increment of the current signal, which was brought on by
the oxidation process. Particularly at low pH levels, it was found
that the addition of anionic surfactant decreases the positive
value of the anodic peak potential, whereas SOS exhibits the
reverse tendency. Similarly, in the presence of cationic
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Fig. 27 (A) The effect of pH on the oxidation peak current of INH (5 x
10~* M) in the absence (@) and presence of SDS (M), SDBS (A), and
SOS (@) (10~* M). (B) The effect of pH on the oxidation peak current of
INH (5 x 10™* M) in the absence (@) and presence of CTAB (H), TMOB
(A), and CPB () (10~* M). (C) The influence of pH on the oxidation peak
current of INH (5 x 107 mol L™ in the absence (@) and presence of
Triton X-405(M) and albumin (A) (107* mol L™Y. This figure is
reproduced from ref. 93 with permission from Elsevier, Copyright
2011.
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surfactants, specifically at pH 5.0, INH shows a consistent
decrease in oxidation peak current. INH could be regarded as
a positively charged species at low pH levels. As a result, there
will be a greater likelihood of electrostatic contact between the
positively charged medication and the negatively adsorbed
surfactant coating.”” Furthermore, in the case of non-ionic
surfactants, for the whole range of pH, there is a considerable
decrease in current, although Triton X-405 shows a slight
increase in current at pH 5.0 (Fig. 27).

Thus, it may be inferred that the pH of the medium has
a significant impact on how soluble the drug surfactant
combination is. Also, the interaction of different surfactants
and drugs with pH varies greatly based on the characteristics of
the surfactant. Additionally, the electrolyte’'s pH had an impact
on the values of current and oxidation peak potential, and the
addition of surfactants changed these values based on the
charge present in the polar group.

4. Applications of drug—surfactant
interaction

The passage of the drug into the cellular level isn't easy due to
complex tissue structure whereas interaction with surfactant
micelles makes a suitable passway for the drug within bio-
membranes. Surfactants' ability to self-assemble is a highly
effective feature in drug delivery systems, which enhances the
solubility and consequently the bioavailability of pharmaceu-
tical products that are poorly soluble in aqueous solutions.*
The interaction of antitumor drugs (mitoxantrone) with anionic
(SDS), cationic (CTAB), and non-ionic surfactants (Triton X-100,
Tween-20, and Tween-80) reflects the disaggregation of anti-
tumor drugs which has been aggregated to monomers and
mitoxantrone is encapsulated in micelles in monomeric form
shows antitumor action.”® The interesting thermodynamic
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Fig. 28 Schematic summary of surfactant—drug development. This

figure is reproduced from ref. 96 with permission from Elsevier,
Copyright 2019.
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result of the interaction of levofloxacin and SDS shows the
decrement of CMC which reflects the hydrophobic interaction
and spontaneous formation of micelles which is fruitful for
pharmaceutical applications.” The usability of exogenous
surfactant is to carry pulmonary therapeutics for having intui-
tive sense which has lots of evidence that shows the positive
approach of drug-surfactant interaction for lung treatment as
well as having lots of therapeutic means. Lots of tools of
discipline-related drugs, their design, etc. reflect the role of
surfactants as a drug carrier within individual means. This
makes the pathway toward clinical practices as well which has
shown in given Fig. 28.°° In addition to their role in drug
delivery systems, surfactants exhibit antimicrobial properties by
inhibiting the growth and nourishment of various pathogenic
microbes such as bacteria, fungi, algae, viruses, and others.
This ensures that pharmaceutical preparations are free from
harmful microbes.*”

In recent days, inhalable nanomedicines’ interaction with
a pulmonary surfactant is being known which seems to be may
alter the pharmacokinetic and pharmacodynamic profiles of
nanomedicines which show the needy approach of vivo treat-
ment. Even, future research and development are also con-
cerned about it.”® In recent days, endogenous components for
drug formation have highly valued interest in where the inter-
action of pulmonary surfactant & surfactant proteins (SP) within
extra- and intracellular membranes, proteins, or particles. SP
plays a vital role in the drug delivery process, drug carrier, and
target nanomedicine toward intracellular delivery. Since, SP lies
in the lungs, tissues, and other organs present naturally.*
Nanoparticles are being engaged in bio-imaging, diagnosis, and
their effect on the lungs and affect the circulatory system. Since
PS makes surfactant binds NPs that determine this reflects the
interaction of alveolar cells and delivery of NPs to the targeted
cells during drug administration. Such binding recruits NP
depend upon its behaviour which finally affects its functions or
metabolism."'** Similarly, diversified application of drug
surfactant has been carried out for pharmacological purposes.
Here, cutting-edge scientific work on the applications of
surfactant-based, polymer-based, and combination surfactant-
polymer nanoparticle therapeutic formulations for use in the
medical industry and drug delivery. Additionally, the scientific
committee focuses on the systems' nature, attributes, physico-
chemical characteristics, characterization approaches, and
pharmacokinetic behavior.'”* Respiratory failure is a life-
threatening complication of acute respiratory distress
syndrome (ARDS). Nanoparticle drug delivery and surfactant-
based drug carriers are possible techniques for delivering
medicines to the wounded lung in ARDS, although there are no
molecularly targeted pharmaceutical medications to prevent or
treat ARDS despite several clinical trials.’® Since a variety of
circumstances, including the drug's insolubility non a co-
solvent, interactions with excipients, physiochemical charac-
teristics, a sudden change in the environment's pH, compati-
bility issues with a surfactant, etc., can cause drug precipitation.
Drug precipitation can take place in two stages: crystal devel-
opment and nucleation.’ There are several ways to prevent
precipitation, including the use of polymers, the inclusion of
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surfactants, adjusting drug loading and solubilising capacity,
altering the environment's pH, etc.'® Nanotechnology-based
carriers' capacity to entrap both hydrophilic and lipophilic
medicines, improve ocular permeability, prolong residence
duration, enhance drug stability, and increase bioavailability is
the reason for their development.’*® The consequences of the
built-in nanocarriers can be predicted using a variety of in vitro,
ex vivo, and in vivo characterization techniques.'” In terms of
analytical means, mathematical models are being employed for
theoretical analysis, which is a crucial gateway to elucidate the
interactions present in the mixed systems of poorly soluble
medicines and surface-active agents and identify the novel
physical features.'”® Surfactants are essential for creating and
maintaining nano-emulsions. The drugs in emulsions can
either be water-soluble or poorly water-soluble and the distri-
bution of hydrophobic drugs in O/W emulsions is greater than
in W/O emulsions. Hence, self-emulsifying systems (SES) are
used to increase the solubility and bioavailability of poorly
soluble drugs for oral delivery, by creating an isotropic mixture
of oil, surfactant, and co-solvent.'*

4.1 Future prospect

This review focused on the study of parameters like pH, density,
conductivity, surface tension, and viscosity of drug & surfactant
interaction which is a need of the medical industry in upcoming
years. On the other hand, analytical study is a basic point for
drug and surfactant development for further applied research.
Upcoming studies should focus on cost analysis, technically
feasible assessment, and drug engineering for reducing cost but
increasing production. To connect experimental data analysis
with real-world applications, a pilot project is needed.

5. Conclusions

Drug surfactant interaction is a vital study where various param-
eters have been illustrated within this review. The conductivity
and surface tension behave variable with the temperature &
concentration with the variation of either drug or surfactant. In
the case of drugs & ionic surfactants, the CMC is decreased with
increment of temperature whereas CMC rises with temperature in
the case of the non-ionic drug. A thermodynamic study has been
carried out which shows negative Gibbs free energy and variation
in enthalpy and entropy. In comparison to the aqueous medium,
it has been shown that the CMC for the surfactant drug mixed
system in an aqueous salt solution is lower than the electrolyte
one. The value of CMC of the drug surfactant mixture change
according to the additive, based on the interaction of the mixed
system with the solvent, and can either support or be a hindrance
to micellization. The pH of the medium has a significant impact
on how soluble is the drug surfactant combination.
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