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This researchwashighlighted the importance ofmixed aggregates based ondrug-lipid to improve the interaction
of one or more drugs in aqueous medium. This mixed aggregate can significantly inhibit the growth of MCF-7
cells, and has great potential for anti-inflammatory and cancer treatment after tumor removal. The cationic
lipid (CL) has been synthesized with multistep reaction and is characterized by 1H NMR and mass spectroscopy.
CL and ibuprofen (IBF) physiochemical analysis was investigated using surface tension, conductance, dynamic
light scattering (DLS), and electronmicroscope transmission (TEM). The strong synergismbetweenmixed aggre-
gate (LIB) systemCL and IBFwas observed. The study on UV spectroscopymeasured that the LIBmixed aggregate
showed optimum binding to doxorubicin hydrochloride (DOX) and the binding constant Log Kb was 6.17 com-
pared to single CL, the Log Kb was 5.83. Binding results indicated that the DOX was more encapsulated in
mixed LIB aggregates compared to single CL aggregates. This mixed aggregate LIB has excellent performance in
controlling the release of drugs. For single CL aggregate, approximately 62.5% DOX was released after 72 h
(pH = 7.4). However, LIB such as, (0.1αCL+ 0.9αIBF), the release of DOX decreased to 16.08%. Finally, LIB mixed
aggregate applicability has been used to minimize the cytotoxicity of MCF-7 cells, and it has been found that
DOX in LIB mixed aggregates has a higher inhibitory effect on cell growth than DOX in CL.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, drugs have evolved towards themulti-agent delivery
system, such as drug-amphiphilicmixed aggregates,which is a clinically
commonprocedure for treatingmalignant diseases andhas significantly
improved survival and quality of life due to the potential for additive or
synergistic effects [1,2].Themulti-agent delivery system,which includes
multiple agents with specific therapeutic effects or biological functions,
has been gaining growing interest in recent years because of its advan-
tages in combination therapies [3–6] or in tissue regeneration and engi-
neering. For example, the mixed aggregate of diphenhydramine
hydrochloride and anionic sodium deoxycholate (SDC) and non-ionic
transglycosylated stevia (Stevia-G) surfactants was developed by our
group researcher Srivastava et al. to increase the encapsulation perfor-
mance of ethenzamide. In this study, they prepared mixed aggregate
using mole fraction formulation that could control the excess drugs
and surfactants that could lead to high encapsulation of drugs and
high cellular uptakes [7]. Zheng et al. have prepared mixed anticancer
ivastava),
drug doxorubicin (DOX)-loaded inorganic rod-like nano-
hydroxyapatite (n-HA) particles in poly (lactic-co-glycolic acid)
(PLGA) by the electrospunhybrid nanofibers [8]. Recent studies demon-
strated the multi-drug loading and the temporally programmable re-
lease of each drug have become essential criteria in cancer therapy
[9,10]. Yang et al. proposed the fabrication of hydrophobic curcumin en-
capsulated micelles assembled from biodegradable poly(ethylene gly-
col)-polycaprolactone copolymer and hydrophilic DOX in the
polyvinyl alcohol solution, followed by simple electrospinning this com-
bination. They studied a time-programmed release of hydrophilic DOX
(short-term) and hydrophobic curcumin (long-term) [11]. However,
the short-lived DOX released lasted only for 10 days whereas the
long-term curcumin released lasted for as short as 30 days, which was
insufficient for long-term tumor healing. It is considered a significant
challenge to achieve controlled the release of multi-drug with distinct
properties in a sequential aswell as a sustainedmanner and few studies
were reported on this aspect [12–14].

As we all know, ibuprofen is a child antipyretic and anti-
inflammatory drug jointly recommended by the World Health Organi-
zation and the US FDA. It has anti-inflammatory, analgesic, and antipy-
retic effects, but it can stimulate the digestive system, nervous system,
and kidneys. Therefore, the study of ibuprofen sustained-release agents
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Fig. 1. (A) The structure of 2,3-bis(dodecyloxy)-N-ethyl-N,N-dimethylpropane-1-
aminium chloride(CL)and (B) Ibuprofen sodium salt.
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is favored by many researchers. Zhao et al. [15] developed a new strat-
egy for the self-coated interfacial layer on drug-loaded mesoporous sil-
ica nanoparticles (MSNs) based on mussel-mimetic catecholamine
polymer (polydopamine, PDA) layer between inorganic and organic
matrix for controlling drug release. When the interface PDA was coated
andMSNs encapsulated in electrospun poly(L-lactide) (PLLA) fibers, the
release rates of drugs located inside/outside the interfacial layer could
be finely controlled. The short-term anti-inflammation Ibuprofen (IBF)
could release for 30 days in the absence of interfacial interactions and
sustained long-term doxorubicin (DOX) could release for 90 days in
the presence of interfacial interactions, which was helpful to inhibit po-
tential tumor recurrence. Cole and Pierce et al. [16,17] explained the
way of long-term anti-cancer drug delivery along with short-term
anti-inflammatory drug release inhibited a tumor reappearance after
surgery and the tumor resection site. In this system, the anti-
inflammatory drug may decrease the risk of inflammation and cancer
recurrence by inhibiting inflammatory cell growth, and the anticancer
drug destroys the tumor cells. Moreover, biodegradable scaffolds pro-
vide a suitable microenvironment for healthy cell growth and so sup-
port tissue regeneration. These studies showed how important the
multi-agents delivery system was for drug delivery.

This study was aimed to establish a versatile and general methodol-
ogy for improving the efficiency of the delivery system.We have devel-
oped a novel nano-sized multidrug delivery system based on drug-
surfactant interaction. The physicochemical interaction between the
drugmolecule and the surfactant system significantly improves the sol-
ubility of the drug, avoids the drug from forming a precipitate in the so-
lution during the injection process, and reduces side effects [18,19].
Considering the physio-chemical interactions between drugs and sur-
factants, the appearance of surfactants may increase the absorption of
drugs. Therefore, a systematic studywas proposed to describe the inter-
actions of drugs with a variety of surfactants.

Mixed aggregates with high encapsulating efficiency and controlled
release have received much attention for the drug delivery system [20].
In this work we have used Gemini cationic lipids (CL), which have low
cmc and are increasingly reported as multipurpose materials like gene
therapy [21–25] and drug encapsulation [26–30], capturing the interest
of the scientific communities. Due to the size, biocompatibility, and pro-
tective effect of CLs on the degradation of encapsulating substances, CLs
are suitable for the administration of drugs and diagnostic agents re-
gardless of the route taken (oral, injectable, parenteral or lung). Our pre-
vious studies described the efficiency of CL encapsulated DNA for gene
delivery [21]. The variable length of carbon chains and the quaternary
ammonium or neutral tertiary amine heads of CL allowed us to find
the structure-function relationship of how these factors affect cationic
lipids on gene delivery performance. CL gene vectors in the condition
of carbamate as connection bond and hydroxyalkyl group as a head
group may improve the gene therapy transfection efficiency and
lower cytotoxicity [24].

In the current system, Ibuprofen (IBF) and doxorubicin (DOX) are
used, in which the former contains a carboxylic group and hydrophobic
moiety, and the latter contains liposoluble anthraquinone ligand, phe-
nolic hydroxyl, and basic amino groups. It used as a clinically common
combination drug in tumor treatmentwhich could offer the advantages
of increasing the tumoricidal efficacy and reducing the side effects
caused by the high-dose of a single medication. The IBF and DOX were
expected to bind into the inner core through ionic interaction and hy-
drophobic effect [31].

In this work, we have prepared mixed aggregates of CL and IBF using
mole fraction based formulation (C*(αCL + αIBF)). The physicochemical
properties of CL-IBFmixed aggregate were determined using surface ten-
sion and conductance experiments methods. The interaction parameter
and thermodynamic interfacial parameters was evaluated by Clint's,
Rubingh, and Motumura's equations. The applicability of prepared
mixed aggregate was used to enhance the binding properties and encap-
sulation of DOX. After encapsulating DOX, the slow-release effect of these
aggregates onDOXwas examined by dialysis experiments. Finally, the cy-
totoxicity ofmixed aggregates onMCF-7 cell lineswas tested to verify the
application effect of the prepared aggregatewhich simultaneously encap-
sulate two different drugs and have a sustained release function. The
structure of CL and IBF was shown in Fig. 1(A & B).

2. Experimental

Materials and Methods was representing in the electronic support-
ive information (ESI) from 2.1 to 2.6 sections.

2.7. Synthesis of cationic lipid (CL), 2,3-bis(dodecyloxy)-N-ethyl-N,N-
dimethylpropane-1-aminium chloride

2.7.1. Synthesis of 1-dimethylamino-2,3-propanediol
70.9 g (520 mmol L−1) of a 33% dimethylamine aqueous solution

was added and stirred in a 250 mL three-necked flask. Weigh 6 g of so-
dium hydroxide and arranged it as a 40% aqueous solution.When it was
cooled to room temperature, add it into a three-necked bottle. 44 g
(400 mmol L−1) of 1-chloro-2,3-propanediol was weigh into a
dropping funnel and added slowly into the bottle. In the three-necked
bottle, the control acceleration was 1–2 drops/s. After the addition
was completed, the reactionwas performed at 30 °C for 24 h. Then a dis-
tillation apparatuswas installed, and the temperature was gradually in-
creased to 105 °C to distill off the excess dimethylamine. After
distillation, the distillation apparatus was removed, and the three bot-
tles were heated and stirred opened until the evolved gas had no
amine taste. The water was removed under reduced pressure, and
after completion, the fraction of 102–104 °C/2 mmHg was collected by
distillation under reduced pressure. 60% yield was observed. The reac-
tion scheme was shown in the Fig. 2(1).

2.7.2. Synthesis of dodecyl p-toluenesulfonate
124.9 mmol L−1 of lauryl alcohol and 39.5 g of pyridine were added

to a 250 mL three-necked bottle, and the flask was immersed in an ice-
water bath to make the temperature of the mixture 0 °C. 26.25 g
(138.1 mmol L−1) of p-toluenesulfonyl chloride are added to the bottle
in portions within 20–30 min at this temperature. The mixture was
stirred for 12 h under 20 °C. and dilutedwith a solution of 100mL of hy-
drochloric acid (specific gravity 1.19) and 300mL of icewater. The crys-
tallized ester was filtered through a chilled Buchner funnel and blotted
as dry as possible. The solidwas transferred to a 500mL beaker, and add
100 mL of methanol, then the mixture was heated in a water bath until
the ester melted. It was cooled in an ice-water bath with constant stir-
ring, and the ester precipitated very finely. It is filtered on a frozen fun-
nel and dried in air (preferably below 20 °C). The crude product was
recrystallized from petroleum ether (30–60 °C) and the solution was
cooled to 0 °C. The resulting ester was filtered through a frozen funnel
to give the product. 70–80% yield was observed. The reaction scheme
was shown in the Fig. 2(2).

2.7.3. Synthesis of N, N-dimethyl-dodecyloxypropylamine
N,N-dimethylaminopropylene(2.4 g, 20 mmol), p-toluenesulfonate

(60 mmolL−1), potassium tert-butoxide (6.72 g), and xylene were
added to a 100mL single-mouth flask equippedwith a reflux condenser
and a three-way charge/discharge valve. After pumping vacuumwith a



Fig. 2. Representation of multistep reaction of cationic lipid.
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water pump and fillingwith nitrogen, themixturewas heated to 140 °C,
and refluxed for 3 h. After cooled, it was washedwith water, and the or-
ganic phase was dried over anhydrous Na2SO4 and the solvent was dis-
tilled off under reduced pressure. The concentrate was
chromatographed on silica gel using petroleum ether/ethyl acetate
(2:1) as eluent to get the product. 20% yieldwas observed. The chemical
reaction scheme was shown in the Fig. 2(3).

2.7.4. Synthesis of target molecule
The appropriateN,N-dimethyl-bisalkoxypropylamine and 60 equiv-

alents of the appropriate ethyl chloride were added to the autoclave, re-
spectively. The autoclave reacted at 70 °C for 48 h. After the reactionwas
completed, the autoclavewas cooled to 0 °C, and the lidwas opened in a
fume hood to allow the excess halogenated hydrocarbons to be volatil-
ized (chloromethane and ethyl chloride), or filtered by adding 30mL of
petroleum ether to the autoclave (for iodinemethane, iodoethane) giv-
ing a crude product. The crude product was recrystallized in petroleum
ether or acetonitrile to obtain the target product. 95% yield was ob-
tained. The reaction was shown in the Fig. 2(4) [32,33]. CL 1H NMR
was shown in Fig. S1 and data was shown as below:

CL: 1H NMR (400 M, CDCl3) δ 4.10 (m, 1H, OCH), 3.91 (s, 2H, NCH2),
3.68–3.44 (8H, NCH2CH3, CHCH2O, 2 × OCH2), 3.33 (s, 6H, N(CH3)2),
1.55 (s, 2 × OCH2CH2), 1.41 (s, 3H, NCH2CH3), 1.26 (s, 36H, 18 × CH2),
0.88 (s, 6H, 2 × CH2CH3); HRMS m/z: Found [M − Cl]+ 484.5092,
C31H66ClNO2 calcd. for [M− Cl] + 484.5094.

3. Results and discussion

3.1. Critical aggregation concentration of IBF-CL

The cac values of pure IBF, CL and LIB at different mole fractions of
IBF (αIBF) were obtained from the representative plots of specific con-
ductance (κ)and surface tension (γ) measurements, shown in Fig. S2
and Fig. 3. The mixture consisted of cationic and anionic amphiphiles.
The strong coulombic interaction shows that the cac of the mixed sys-
tems is surprisingly lower compared to the possible ideal mixture, and
this type of mixture is called catanionic system. In a 25 °C aqueous solu-
tion, the cac value of IBF reached 179.5mmolL−1, whichwas close to the
literature value [34–36]. The cac value of pure CL reached
0.0025 mmolL−1 (Table 1 and Fig. 3). As shown in Fig. 1(B) that the
IBFmolecule was small hydrophobic part and, as a result, forming asso-
ciates at upper concentrations in comparison to usual surfactant with
αIBF increase. The presence of two hydrophobic tails makes CL more hy-
drophobic, shown in Fig. 1(A). Therefore, their cac values are extremely
low compared to conventional cationic surfactants [35].

In the LIBmixtures, cac increases in aqueous solutionwith increasing
mole fraction (αIBF). This suggests a strong synergistic interaction be-
tween IBF and CL, since this promotes more hydrophobicity around CL
in the mixture, thereby ensuring that aggregation starts to occur at
lower concentrations than pure CL amphiphiles (Table 1). Table 1 and
Fig. 3 showed that the cac value of CL was much lower than that of
the IBF cac; thus, CL would immediately form micelles and drug mole-
cules would intercalate into CL micelles. Cationic lipid molecules are
more effective in reducing the cac of the mixed LIB system, as the two
hydrophobic chains of cationic lipid enhance the hydrophobic interac-
tion between IBF and CL molecules.

3.2. Interaction parameters for IBF- CL mixed aggregate

The values of cac of the mixed LIB (cac*) were determined from the
relationship between cac* and the cac's of IBF (cac1) and CL (cac2) and
the form was Eq. (1):

1
cac�

¼ α1

cac1
þ 1−α1ð Þ

cac2
ð1Þ

In Eq. (1) α1 refers to the mole fraction of the IBF or CL in the bulk
medium, cac* is the cac of themixedmicellewhen itwas assumed to be-
have ideally according to the Clint's equation [7,37]. The cac values of
the mixed amphiphiles calculated according to the Clint's equation
were termed as ideal cac values (cac*), as shown in Table 1 and also in
Fig. S3. From Fig. S3 it was apparent that the experimental values of



Fig. 3. Representative surface tension (γ) plots of LIB mixtures vs. LnIBF/mol L−1 in the aqueous medium at 25 °C.
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cacwere slightly smaller than the ideal values, which indicates that the
LIB system has a synergistic effect in aqueous media.

In order to estimate the molar fraction of the drug in the mixed ag-
gregate, the conventional solution theory of Rubingh [7,37–39] is
used, and the equation gives the value of the molar fraction (X1) of the
first component using Eq. (2),

X2
1 ln α1cac=X1cac1ð Þ

1−X1ð Þ2 ln 1−α1ð Þcac= 1−X1ð Þcac1½ �
¼ 1 ð2Þ

where cac was the LIB mixed systems and X1 was the mole fraction of
the drug IBF in the mixed micelle.

For all mixed systems, themicelle mole fraction X1 increases slightly
with the increase in IBF mole fraction. The mole fraction of the drug in
Table 1
Experimental cacex and ideal cac⁎ (mmolL−1), micellar compositions of IBF (X1), ideal micellar c
IBF, ƒ2 refers to CL), excess free energy (ΔGo

ex, kjmol−1) and surface excess (Γ,10−6 mol m−2) o

αIBF cac⁎ cacex X1 X1
id

0
0.0025 0.0025 / /

0.1
0.0027 0.0013 0.177 0.823

0.2
0.0031 0.002 0.141 0.859

0.3
0.0035 0.0022 0.149 0.851

0.4
0.0041 0.0033 0.103 0.897

0.6
0.0062 0.0055 0.073 0.926

0.7
0.0083 0.0052 0.155 0.844

0.9
0.0249 0.022 0.078 0.922

1
179.5 179.5 / /

Standard uncertainties (u)were u(T)=±0.2 °C. Relative standard uncertainties, ur for cac=±
for Γ = 5%.
the ideal state (Xid) is calculated using the Motumura's approximation
[40–44] in Eq. (3).

Xid ¼ α1cac2ð Þ
α1cac2 þ 1−α1ð Þcac1ð Þ

� �
ð3Þ

Fig. 4 illustrates a comparison of X1 (Rubingh's) and Xid

(Motomura's) as a function of the mole fraction of a drug. Fig. 4 shows
that the X1 values of all studied mixed systems (CL) are higher than
their respective Xid values over the entire mole fraction range. These re-
sults indicate that the mixed micelle phase is rich in IBF molecules. The
change in X1 observed from the Xid value indicates that all the mixed
systems deviate from the ideal behavior.

Eq. (2) was solved to obtain the values of X1 (Table 1) which was
used for the calculation of the interaction parameter, βm by Eq. (4),
ompositions of IBF (X1id), interaction parameter (βm), activity coefficients (ƒ1, ƒ2, ƒ1 refers to
f mixed micellization for LIB mixtures in aqueous medium at 25 °C.

βm ƒ1 ƒ2 ΔGo
ex Γ

/ / / / 7.726

−18.31 0.000004 0.568 −6.590 7.253

−14.97 0.000015 0.745 −4.487 9.322

−14.64 0.000024 0.723 −4.596 8.657

−11.86 0.000075 0.882 −2.712 8.596

−9.654 0.000251 0.949 −1.625 6.866

−12.54 0.000131 0.739 −4.080 5.246

−7.715 0.001418 0.954 −1.373 5.733

/ / / / 2.190

5%, ur for (X1/Xid)=±5%, ur for (βm)=±5%, ur for (ƒ1, ƒ2)=±5%, ur forΔGo
ex=5% and ur



Fig. 4. Experimental values of (A) activity coefficients (ƒ1, ƒ2), (B)micellar compositions (X1), idealmicellar compositions (X1id), (C) excess free energy (ΔGo
ex) and (D) interaction parameter

(βm) of mixed micellization for LIB mixtures in aqueous medium at 25 °C.
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βm ¼
ln

cmc∝1
cmc1X1

� �

1−X1ð Þ2
ð4Þ

βm values give the information on both the nature and strength of
the interaction between LIB mixed aggregates. According to Rubingh
[38,39], an attractive interaction or synergism in the mixed systems
was represented with a negative βm. Two conditions must be followed
for mixed aggregates formation: 1) Interaction parameter βm must be
negative, and (2) βm N ln(cac1/cac2) [40]. LIB mixed systems followed
above both the conditions, which represented the non-ideality of the
LIB system. All the systems were showed strong synergism with the
-βm average values, (−βm avg) for IBF as −12.81 with CL respectively
shown in Fig. 4 and listed in Table 1. This more attractive interaction
of CL favours the aggregation due to the presence of two hydrophobic
tails which increases their hydrophobicity. The non-ideal behavior of
the mixed systems was evaluated by following Eqs. (5) and (6) to give
the activity coefficients (ƒ1, ƒ2) values [38,39]:

ƒ1 ¼ exp β: 1−X1ð Þ2
h i

ð5Þ

ƒ2 ¼ exp β: X1ð Þ2
h i

ð6Þ

ƒ1 and ƒ2 of all mixed systemswere found to be less than unity and ƒ1
for IBF was lower than ƒ2 for CL which confirmed the participation of CL
in mixed micelles, shown in Fig. 4 and Table 1.

3.3. Thermodynamics of micellar and interfacial behavior

The counter ion binding constant βcwas calculated from the relation
[41] βc = S2/S1, where S1 and S2 are the slopes of the relationship curve
between the conductivity and the concentration below and above the
cac(Fig. S2), respectively and the values of βc obtained were shown in
Fig. 6 and Table 2. Theβc values ofmixed aggregateswere controlled en-
tirely by the CL, in the stern layer of the mixed aggregates, heads of CL
were probablymore exposed than those of IBF. Gibb's free energy ofmi-
cellization (ΔGo

m) [42] was calculated using Eq. (7) and the values were
presented in Fig. S4 and the values were also listed in Table 2:

ΔGo
m ¼ RT 1þ βcð Þ lncacþ X1 lnα1 þ X2 lnα2½ � ð7Þ

The negative values ofΔGo
m revealed that the entire LIBmixed aggre-

gate systems have the considerable spontaneity of aggregation.
The excess free energy of micellization, ΔGo

ex, could be evaluated by
using the following Eq. (8)

ΔG0
ex ¼ X1: lnƒ1 þ 1−X1ð Þ: lnƒ2½ �:RT ð8Þ

The mixed studied system of IBF, CL, ΔGo
ex shown in Fig. 4, values

were negative, and their magnitude decreased with an increase in
mole fraction of IBF, which indicates that the large number of IBF mole-
cules introduced makes the mixed aggregates have a more stable
interaction.

CL is adsorbed at the air-solution interface and reduces the γ of the
solution. Generally, the maximum surface excess (Γ) represents the
amount of CL adsorbed at the air-solution interfacial surface, shown in
Fig. S5. Based on the Gibbs adsorption isotherm applied in the case of
a single ionic surfactant, and the adsorption layer is electrically neutral,
the formula for surface excess (Γ) is:

Γ ¼ − 1= 2RTð Þ½ � dγ=dlncsð Þ ð9Þ

Γ was either ΓCL or ΓIBF depending upon whether the solution was a
CL or IBF. The values of dγ/dlncs for CL and IBF were obtained by data
fitting and by substituting these values in Eq. (9). We found that the av-
erage value of ΓCL for CL was 7.72 × 10−6 mol m−2and ΓIBF for IBF was
2.19 × 10−6 mol m−2, respectively.

The values of ΓIBF at each cac agree well with literature values
[35,36]. In order to determine the surface excess value in the mixture
of IBF and CL, we adopted the method of Rosen and Hua [43]. In this
way, we used the Eqs. (10) and (11) between the activities.

βa ¼ ln f 1a=x2a
2 ¼ ln f 2a=x1a

2 ð10Þ



Table 2
Values of the bulk concentration Cmγ (mmol L−1), monolayer composition (x1a), monolayer activity coefficients (ƒIBF, ƒCL), binding constant (βc), interaction parameter (βa) and Gibb's free
energy of micellization, kjmol−1(ΔGo

m) in the monolayer corresponding to the surface tension of 40 mNm−1 (±0.5).

αIBF Cmγ
id Cmγ

ex x1a x1a
id βa βc fCL ƒIBF ΔGo

m

0.0
0.0015 0.0015 / / / 0.3864 / / /

0.1
0.0016 0.0009 0.8375 0.1625 −16.61 0.3604 0.000008 0.6447 −45.68

0.2
0.0018 0.0012 0.8670 0.1330 −13.85 0.4665 0.000029 0.7812 −47.68

0.3
0.0021 0.0011 0.8355 0.1645 −14.72 0.4534 0.000034 0.6702 −46.91

0.4
0.0024 0.0022 0.9280 0.0720 −9.941 0.4489 0.000191 0.9482 −45.31

0.6
0.0037 0.0030 0.8960 0.1040 −10.23 0.4285 0.000270 0.8928 −42.86

0.7
0.0049 0.0038 0.8840 0.1160 −10.13 0.3810 0.000363 0.8710 −41.63

0.9
0.0149 0.0131 0.9176 0.0824 −7.246 0.3218 0.002239 0.9517 −35.12

1.0
63.900 63.900 / / / 0.2859 / / /

Standard uncertainties (u) were u(T)=±0.2 °C. Relative standard uncertainties, ur for Cmγ=±5%, ur for (x1a/x1a id)=±5%, ur for (βc), ur for βa=±5%, ur for (ƒIBF,ƒCL)=±5% and ur for
ΔGo

m = 5%.
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x1a2 ln α1cmγ= x1ac1γ
� �� 	

¼ 1−x1að Þ2 ln 1−α1ð Þcmγ= 1−x1að Þc2γ

 �� 	 ð11Þ

In the above Eq. (11), c1γ, c2γ and cmγ were the bulk concentrations
of CL, IBF and LIB (α1CL + α2IBF mixture), respectively, at the chosen
value of constant surface tension, γ = 40 mNm−1. The interaction pa-
rameter βa from Eq. (10) reflects the extent of interaction between
the IBF and CL in the adsorbed layer. Eqs. (10) and (11) were analogous
to Eqs. (6) and (4). The computed values of c1γ, c2γ,cmγ, f1a, f2a and βa

were shown in Fig. S4 and Table 2. Through using Ghosh and Moulik
[44] to treat mixed amphiphiles and combining isotherms of Gibbs ad-
sorption, we could obtain the current mixture equation.

dγ ¼ −RT ΓCL þ Γ IBF þ ΓCð Þ dlncs ¼ −RTΓ totaldlncs ð12Þ

where ΓCL, ΓIBF and ΓC represent for the surface excess of CL, IBF and the
counterions, respectively. In writing Eq. (12), the activity terms were
considered to be approximately equal to the corresponding concentra-
tion terms. In the counterions sodium (from IBF) and chloride (from
CL), the onewhich could bind to the adsorption layer will depend upon
whether ΓCL N ΓIBF or ΓCL b ΓIBF. Since x1a/x2a = ΓCL/ΓIBF, we got a relation
for Γtotal as.

Γtotal ¼ ΓCL þ Γ IBF þ ΓC ¼ ΓCL 1=x1að Þ þ ΓC ð13Þ

If we considered the adsorption layer containing CL and IBF to be
electrically neutral, then Eq. (13) could be written as Γtotal = (2/
x1a)ΓCL. Therefore, ΓCL or ΓIBF could be computed from the Eq. (14)

dγ ¼ −RTΓCL 2=x1að Þdlncs ¼ −RTΓ IBF 2=x2að Þdlncs ð14Þ

Wedetermined dγ/dlncs at c1γ, c2γand cmγ byfitting the γ versus lncs
data to polynomials [45] and then computed the values of ΓCL and ΓIBF at
the reference point of γ= 40mNm−1, which was shown in Fig. S5 and
Table 1. Γi increased as the concentration of all mixtures LIB increased.
The adsorption of CL on the adsorption layer is larger than that of IBF,
which may reduce the repulsive force of the IBF head group, so that
there may be more molecules CL presence on the interface.

3.4. Binding behavior of IBF in CL, DOX in CL and DOX in mixed LIB

The UV absorbance of IBF and DOX in solutions as a function of the
concentration of vesicles was used to evaluate the binding constants
of IBF in CL, DOX in CL and DOX in mixed LIB complexes, shown in
Fig. 5. We were prepared 0.01 mmol L−1 stock solutions of CL, IBF and
DOX in aqueous medium. For IBF in CL and DOX in CL binding study,
IBF and DOX was kept constant 0.02 mmol L−1and varying concentra-
tion of CL from 0.016 to 0.083 mmol L−1. Similarly, DOX in mixed LIB,
DOX concentration 0.02mmol L−1was kept constant in the LIB solutions
with varying αIBF concentration from 0.016 to 0.083 mmol L−1.

Themeasurement has performed the absorbance at a wavelength of
260 and 480 ± 2 nm for IBF and DOX (Fig. 5). The following equation
was used to fit the experimental data to obtain binding constant Kb

[46,47].

1
A−Aw

¼ 1
Am−Aw

þ 1
Kb Am−Awð Þ

� �
1

c−c0ð Þ
� �Nm

ð15Þ

where A was the measured absorbance, Aw was the absorbance of IBF/
DOX in the absence of CL, Am was the absorbance of IBF/DOX bound to
CL, c0 was the cmc of CL, c is the concentration of CL, Nm was the moles
of IBF/DOX-binding micelle per mole, and Kb was the binding constant.
The plots of 1/(A − Aw) versus 1/(c − c0) were shown in Fig. 5(D–F),
and their linearity indicated the applicability of Eq. (15) when Nm was
1.0. The binding constant Kbwas calculated from the slope and intercept
ratio.

The UV–visible measurements signified the formation of 1:1 or
(0.5+ 0.5):1mixed complexes between IBF, DOX, DOX in LIB, the com-
plexation equilibria. Nm of 1.0 for drugs–aggregate binding was intro-
duced in Eq. (15). The Kb of IBF in CL was log (KIBF-CL) = 5.22 ± 0.2 for
present study. Jin et al. [48] was determined the binding constant log
(KIBF-HSA) = 4.45 of S-ibuprofen in the presence of human serum albu-
min (HSA). Mahajan et al. [36] explained the molecular interactions of
IBF with a surface active ionic liquid (IL), 1-dodecyl-3-
methylimidazolium chloride (C12mimCl). They determined the binding
constant was log (KIBF-C12mimCl) = 3.19. Also, they explained the forma-
tion of highly surface active catanionic complexes (C12mim + IBF) of
1:1 stoichiometry stabilized largely by a combination of electrostatic
and hydrophobic interaction due to long alkyl chain length. Similar ob-
servation was found in the present IBF in CL system, shown in Fig. 5D.

For DOX in CL system, theKb value of DOXwas found log (KDOX ̶ CL)=
5.83± 0.2, shown in Fig. 5 E. Similar binding behavior was observed for
DOX in dimyristoylphosphatidylcholine (DMPC) and
dipalmitoylphosphatidylcholine (DPPC) vesicles by Burke et al. [49].
They were shown that structural changes in both the aglycon and



Fig. 5. Representative UV spectra. (A) UV Spectra of IBF (0.02 mmol L−1) in CL, (B) UV Spectra of DOX (0.02 mmol L−1) in CL and (C) UV Spectra of DOX (0.02 mmol L−1) in IBF in CL
mixture with varying concentration. Plots (E, D & F) according to Eq. (15) showing the variation of 1/(A – Aw) with [1/(c – c0)]Nm at different concentration. For (A), CL (mmol L−1)
were (1) 0.0, (2) 0.016, (3) 0.023, (4) 0.04, (5) 0.05 and (6) 0.066, respectively. For (B & C), CL and αIBF concentration (mmol L−1) were (1) 0.0, (2) 0.016, (3) 0.023, (4) 0.04, (5) 0.05
(6) 0.066 and (7) 0.083, respectively.
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amino sugar portions of the drugs molecules strongly modulated bind-
ing values for DMPC andDPPC bilayers. Theywere determined the asso-
ciation constant log (Kapp) = 5.64 for DMPC and DPPC vesicles. For DOX
in LIB system, the Kb value of DOX was found log(K(DOX) = 6.17 ± 0.2,
shown in Fig. 5F. This system was shown high DOX Kb value as com-
pared to single CL systems. From Fig. 5(A & C), DOX in the presence of
LIB system showed an interesting outcome. IBF (260 nm) and DOX
(480 nm) were spectral overlap at 222 nm from Fig. 5(A & C) and no
new peak arising in the spectrum. Interesting from Fig. 5C was also
shown an isobastic point at 260 nmof DOX in LIBmixture. This observa-
tionwas indicated of equilibrium or strong binding of DOX in LIBmixed
aggregate medium. An intensities increase was observed for DOX with
increase concentration of αIBF 0.016 mM to 0.083 mmol L−1in the mix-
ture at thewavelength 480nmfrom Fig. 5C, which indicated intermolec-
ular interaction between the IBF and DOX [7].

3.5. Investigation on the morphology and size of aggregates

The hydrodynamic diameters of the aggregates formed by the LIB
mixtures were determined by the DLS and TEM measurements and
were shown in Fig. 6.

For the IBF aggregate, the value of size was found to be 193.0 nm,
which was in good agreement with the reported values by Mahajan
et al. [36]. The value of size of CL aggregate was found to be 132.9 nm.
The size values of mixed aggregate of αIBF = 0.1, 0.3, 0.6, 0.7 and 0.9
were found to be 175.1, 117.6. 82.53 and 74.32 nm, respectively. The
size of aggregates in the region of αIBF = 0.9 high values 133.7 nm and
that at αIBF = 1.0 was equal to132.9 nm, shown in Fig. 6G. The TEM
image of the LIB mixture of αIBF = 0.1, 0.6 and 0.9 was also shown in
Fig. 6(A–C) and the size of the aggregates estimated from these images
were comparable to the size value obtained from the DLS. The shapes of
the aggregates in αIBF = 0.1, 0.3, 0.6, and 0.9 mixture seem to be irreg-
ular, prolate ellipsoidal and branched shaped [50–53], shown in Fig. 6
(A–C). From theDLS and TEMdata itmay be concluded that large aggre-
gate structures were formed at αIBF = 0.1 to 0.9.

It was interesting that when 0.25 mM DOX added into LIB mixture
αIBF=0.1, 0.6 and 0.9 and shape of aggregates were change to spherical
to tubes or rod-like structure, shown in Fig. 6(D–E). The possible reason
was for structure changes that at αIBF 0.9 the amount of IBF was more
than αCL and when DOX added, it was strongly bound with IBF as ex-
plained in Section 3.3, which increased the electrostatic interaction be-
tween IBF and DOX.

3.6. Zeta potential of the LIB mixed aggregates

Measurements of the zeta potential were commonly used to assess
the stability of the colloidal system [54]. Generally, when the absolute
zeta potential value is b30 mV, the particles tend to aggregate and floc-
culate [55]. Instead, due to the strong electrostatic repulsion between
the particles, they could exist stable for a long time by stopping the pro-
cess of gather-together and flocculation. Fig. 6H showed the relation-
ship between the zeta potential and αIBF. The total concentration
(C) of LIB was controlled at 0.5 mmol L−1 as αIBF was from 0.1 to 0.9,
which was larger than the cac values determined above. Zeta potential
measurementswere indicated the changes in the surface charge density
of IBF or CL mixed aggregates, which could evaluate the stability of col-
loid suspensions. The region between αIBF 0.7–1.0 in Fig. 6H was the
thermodynamic instability region with zeta potential between
−30mVand+30mV. Itwas clearly seen in Fig. 6H that the charge den-
sity on the aggregateswas decreasedwith the increasing ofαIBF from0.1
to 0.9. It could be possible that when αIBF is increased, the number of la-
mellae inmultilayer bilayer vesicleswas increased asmoreNa+brought
into the bilayer, leading to a decreased in zeta potential. It was shown
that, after added 0.25 mmol L−1of DOX into LIB mixture with varying
αIBF from 0.1 to 0.9, the stability of aggregates was slightly changed
but highly stable for αIBF 0.9 system.

3.7. In-vitro release study

In vitro DOX and IBF entrapment efficiency (EE%) and controlled re-
lease (%) abilities were studied in different aggregate solutions. In this
studywe prepared IBF in CL, DOX in CL, andDOX in LIBmixed aggregate
solution. It was the first time to propose that different types of drugs
(such as DOX) be encapsulated by the drug-CL mixture, and the drug-



Table 3
Characterization of aggregates before (BD) and after dialysis (AD) for 7 h, and EE% after
7 h.

Sample at pH 7.4 Average
size/nm

Zeta
potential/mV

PDI EE/%

BD AD BD AD

DOX in CL 155 192 12.2 29.3 0.525 68.21
IBF in CL 194 257 50.2 30.1 0.485 32.31
(0.9αCL + 0.1αIBF) + DOX 122 378 52.0 68.0 0.521 86.36
(0.4αCL + 0.6αIBF) + DOX 126 154 46.6 32.0 0.525 81.37
(0.1αCL + 0.9αIBF) + DOX 120 140 40.4 30.0 0.453 76.07

Standard uncertainties (u) were u(T) = ± 0.2 °C. Relative standard uncertainties, ur for
size = ±5%, ur for zeta potential = ±5%, ur for PDI = ±5% and ur for EE% = ±5%.

Fig. 6. Typical TEM images A = αIBF0.1 + αCL0.9, B = αIBF0.6 + αCL0.4 and C = αIBF0.9 + αCL0.1. D = (αIBF0.1 + αCL0.9) + DOX, E = (αIBF0.6 + αCL0.4) + DOX and F =
(αIBF0.1 + αCL0.9) + DOX, here DOX 0.25 mmol L−1. Variation in size (Dh) (E) and Zeta potential (F) of (□) for CL with αIBF.
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CL mixture itself would release the drug (such as IBF) in the same solu-
tion. All the solution was prepared in PBS pH 7.4.

EEwas determined in 0.5mmol L−1 of CL and 0.25mMof both drugs
IBF and DOX in dialysis method. For DOX in the presence of LIBmixture,
we studied EE at αIBF 0.1, 0.6 and 0.9. FL measurement was used to de-
termine the entrapped drug amounts into aggregates, shown in
Table 3. The Table 3 and Fig. 7 could show that DOX (68.21%) was
more encapsulated than IBF (32.31%) due to hydrophobic interaction
with CL. The FL wavelength was shifted from lower to higher wave-
length after dialysis; red shift indicated the strong interaction between
drug and CL. The possible explanation was that DOX was aggregate
about 0.841 mmol L−1 [56] and IBF was 179 mmol L−1 [34–36]. Due
to the fast aggregation cause more EE in DOX in CL solution than IBF
in CL solution, which enhanced the DOX interaction with hydrophobic
tail of CL surfactant. It was become more effective EE for DOX when
DOX was added into LIB mixture. The EE was increased as compared
to DOX in CL solution, shown in Fig. 7 and Table 3.

As shown in Fig. 8 and Table 3, fromDLS, it could be seen that the size
before dialysis was lower and after dialysis was higher. The value of zeta
potential was changed from 30 to 68 mV, shown in Table 3, which indi-
cated that the stable aggregate was formed for DOX in LIB. Before dialy-
sis, as the TEM images shown in Fig. 6(D, E, and F), the shape of vesicles
changed from spherical to tubular or rod-like structures, when αIBF at
0.1, 0.6, and 0.9, indicating a strong interaction between IBF and DOX.
Especially when αIBF was 0.9 and DOX was 0.25 mM, the tubes or rods
like structure were found, shown in Section 3.4 and Fig. 6F.

In vitro release was studied using dialysis methods for 72 h in PBS
pH 7.4. The free IBF andDOXwere released about 90% after 10 h, respec-
tively. The characterization of DOX and IBF release was explored with
the combined IBF in CL, DOX in CL andDOX in LIB for better understand-
ing the drug release and multidrug release behavior with different
formulations at 37 °C, shown in Fig. 9 and Table 4. For IBF, the controlled
release from IBF in CL was slower than free IBF, followed by a sustained
release for 72 h, shown in Fig. 9. IBF release from DOX in LIB mixed ag-
gregates was much slower with αIBF increasing, shown in Fig. 9 and
Table 4. It indicated that about 49% IBF released from
(0.1αCL + 0.9αIBF) + DOX aggregates after 72 h at pH 7.4, where
about 77% IBF release from IBF in CL aggregates. For DOX, the controlled
release from DOX in LIB was much lower than DOX in CL and free DOX,
respectively. It was indicated that about 16.08% DOX was released from
(0.1αCL + 0.9αIBF) + DOX aggregates, where about 61% DOX release
from DOX in CL aggregates. The reason of a slower release of DOX
than IBF was stronger electrostatic interaction between IBF and DOX
with αIBF N 0.6, as Section 3.3 explained the binding behavior of DOX
in the presence of IBF and CL. This delay in drug release was indicated
their potential as a drug carrier, which could minimize the exposure
to healthy tissues while increasing the accumulation of therapeutic
drugs in specific parts of the body [31].



Fig. 7. The plots of FL intensity vs wavelength/nm for (1) free DOX (2) free IBF, (3, 4 & 5) DOX from αIBF 0.1, 0.6 & 0.9.
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3.8. Cytotoxicity

To verify the pharmacological activity and biocompatibility, IBF,
DOX, CL and DOX in LIB were in-vitro studied on MCF-7 cell lines over
72 h, shown in Fig. 10.

The cell viability of MCF-7 cell lines was studied in the presence of
only IBF, DOX and CL from 20 to 100 μmol L−1, respectively, shown in
Fig. 10(A). The cytotoxicity of IBF, DOX, and CLwas N85% at 40 μmol L−1.
The cytotoxicity studies of IBF in CL and DOX in CL were indicated that
Fig. 8. The plots of size variation using dialysis for (1) free D
the cell viability of IBF in CL mixture was 90% and DOX in CL was
46.56% at 40 μmolL−1, shown in Fig. 10(B). At 40 μmol L−1, the cell via-
bility was not much affected by CL, IBF and LIB, which indicated the
good biocompatibility. From Fig. 10(C), the cell viability of DOX in LIB
was gradually decreased from 60.04 to 31.01% as αIBF was from 0.1 to
0.9. The cell viability of DOX in LIB was lower than DOX in CL, which
was possibly because (1) the enhanced permeation and retention
(EPR) [57–59] effect was to improve the accumulation of mixed aggre-
gate in cancer cells and (2) the strong binding of DOX with LIB mixture
OX (2) free IBF, (3, 4 & 5) DOX from αIBF 0.1, 0.6 & 0.9.



Fig. 9. The profiles of in-vitro release vs time (1) IBF release from (A) free IBF, (B) IBF in CL, (C, D& E) atαIBF 0.1, 0.6 & 0.9, and (2)DOX from (F) free DOX, (G)DOX in CL, (H, I & J)DOX in LIB
at αIBF 0.1, 0.6 & 0.9 in PBS (pH 7.4) at 37 °C.

Table 4
In-vitro release of DOX and IBF at pH 7.4 after 72 h.

Samples DOX release/% IBF release/%

Free DOX 95.16 –
Free IBF – 96.06
CL + DOX 61.25 –
CL + IBF – 77.13
(0.9αCL + 0.1αIBF) + DOX 36.04 67.23
(0.4αCL + 0.6αIBF) + DOX 14.24 60.54
(0.1αCL + 0.9αIBF) + DOX 16.08 49.00
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was observed (Fig. 5(C)) which caused the apparent inhibition of the
proliferation ability of cancer cells. The critical point of current study
was that the formulation based onmole fraction could reduce the toxic-
ity of high concentrations of DOX. The above results indicate that aggre-
gates enhance the absorption of DOX by MCF-7 cells, which has great
potential for anti-inflammatory and cancer treatment after tumor
removal.

4. Conclusions

The synergistic and hydrophobic interaction was found between IBF
and CL. TEM, DLS and Zeta potential results indicated the formation of
multi shape(spherical, rod-like or tubular) aggregates. Due to electro-
static interaction and hydrophobic interaction, the binding capacity of
DOX and LIB is greater than that of IBF and CL. The in-vitro release ex-
periments represented the release efficiency of DOX frommixed aggre-
gates formulation, which was effectively demonstrated that the mixed
Fig. 10. In-vitro cytotoxicity of (A) free IBF, DOX & CL, (B) IBF in CL &DOX in CL, and (C)
aggregates were the controlled the release rate of DOX. Cytotoxicity ex-
perimentswas evaluated that DOX in LIB systems enteredMCF-7 cancer
cells mainly by endocytosis and could accelerate the remarkable DOX
accumulation in tumor cells. It was indicated that DOX in LIB mixed ag-
gregates have obvious inhibitory effect on the growth of MCF-7 cells.
The present study provides an alternative formulation to enhance the
interaction between two drugs in the mixed aggregate system. Finally,
the drug-lipids mixed aggregated system has great potential applica-
tions in the fields of controlled release and multidrug delivery to cure
diseases.
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