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Abstract: We verified the usefulness of “Rosen’s postulate”, i.e., the logarithm of reciprocal concentration of
surfactant —log(1/c,.,,) by which the surface tension of a solution can be decreased by 20 mJ/m’ in relation to

water (physiological value ¥

48-52 mJ/m’) in the evaluation of the applicatory properties of cholic acid

oxyethylation products. Moreover, the values of AG}, for solubilizers and their micellar adducts with diclofenac,
naproxen, and loratadine constituted the basis for estimating the thermodynamic value of “Rebinder’s effect”,
associated with change in the state of matter of therapeutic agent. We determined critical micellar concentra-
tion for the aqueous products of oxyethylation and for micellar adducts with diclofenac, naproxen, and lorata-
dine, and used these values to calculate (thermodynamic potential of micelle formation).
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Rosen is known for implementing p value to
the analysis of the surface activity of surfactants.
This value is the logarithm of reciprocal concentra-
tion by which the surface tension of water can be
decreased by 20 mN/m (1). Revealing the linear
relationship between log(1/c,,,) and the number of
carbon atoms in the lipophilic radical [(n.)] of the
homological structures of ionic and non-ionic sur-
factants constitutes the basis for using the direction-
al coefficients of correlation equation to calculate
the energy of transport to the phase boundary of
lipophilic radical — AG"(,)[FWT], as well as to
the hydrophilic part of surfactant molecule —
AGy g [Fd1.

Previous application studies of the surface
activity and solubilization properties of the aque-
ous solutions of Pluronics and Rokopols (2), M-
PEG (3, 4), and Rokanols and Rokacets (5, 6) con-
stituted the basis for calculating log(1/c,_,,) value
and analyzing its relationship with the number of
oxyethylated segments (CH,CH,O) in surfactant
structure (7). The calculated values of transport

energy, AG,, for hydrophilic segments
(CH,CH,0), -, and AG,, for lipophilic radicals
allowed, in response to Laughlin’s postulate (8), to
propose H/L AG,(h/l) ratio as the thermodynamic
version of hydrophilic-lipophilic balance (H/L,
HLB). The previously published (9) thermodynam-
ic approach to the hydrophilic-lipophilic balance
H/L (AG,,) of surfactants can explain the process of
the micellar solubilization of lipophilic therapeutic
agent (solid body) in equilibrium by the micellar
solution of surfactant (c,,, = cmc) at phase bound-
ary. These findings constituted the basis for verify-
ing the possibility of using “Rosen’s postulate” not
only to determine the surface activity of the aque-
ous solutions of cholic acid oxyethylation products
with ny; = 2070, but also to explain the so-called
Rebinder’s effect, which in thermodynamic
approach accompanies the process of the solubi-
lization of lipophilic therapeutic agents (BCS class
II and 1V) in equilibrium in the aqueous solutions
of surfactant with c_,, > cmc (critical micellar con-

exp =

centration) (10-14).
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"oy / "oV . Mu = ("DV)T/H

6LTETI 98.8'1¥ £65€°TY ¥8TE0ET 0L ="u,p1oe o1j0y) 9
3€6'6 011€9¢ SLTI'9E 80LY'101 09 ="u_p1oe o1joy) ‘g
6081°6 T61LTE 1LELTE T69L'88 0S =™u_p1oe o1joy)
868S°L 60S1°92 7€69°1T 91LS'SL 0Ob ="u.p1oe d1joy) "¢
€EVS'S $00€°61 6v89°L1 07T6'TS 0g ="u_p1oe o1joy) g
0TT6'E 18261 78961 7801°TH 0z ="u_p1ov ooy '|
QuUIPRIRIO] YIIM uoxoideu ym JRUQJOIIP YIIM juade opnadesay g,
1onppe IL[[OOIN 1onppe Je[RITN 1oNppe IB[[2IN 1RZ1[1qn[0g “u pe oY)

O1 X ("DV)T/H

wa)sAs wnuqimby

‘aurpejeIo] pue ‘uoxoideu ‘OBULJO[IIP YIIM S}ONPPE Je[[ad1w Jof pue s}onpoid uoneAyleAxo proe d1joyd 10J paurudlap oner ("Oy)T/H JO sonfeA ‘¢ 9[qe],

<01 X SOZE0F.01 X EE0°T~ SST0'0 ¥ 9€8T0 85L610 Tuxqre=A D
01 X : : 0407 = *u
01 > Ocesve e 8C16<0 <01 X L6LLOF-01 X L116'] OLLED F 6SLEE 765670 Fuxq+e=A£ PIOE SO 4
201 X PFLOTEOL X 9pSH e~ 9600°0 F SE6T0 8L160 X q+e= A/ uaxoudey +
01 % : : 0L-07 ="u
O T9eL0 008890 <01 X 1069 €701 X OVZ1'9~ RILI'0  1826°€ 8LI60 Huxq+e=A pIo® 110U °€
+01 X 8T06°TF-01 X 81179 9E10°0 F #1650 80560 ux A q+e =k 3o P
.01 X 89080 : 0407 = *u
01 > 8908071 cLesgo <01 X SEPSTFOL X 10L1°9 PEET'0 F 9LGOE 16%6°0 Buxq+e=A£ IOt SIS 2
01 X EYLS0F01 X 1€TS'T— 82000 F #8090 79860 Huxiq+e=AK30f 0L-07 ="u
<01 X S0TI0%'0 €LOILO : -
<01 X 6015 0F.01 X S06TT— 1620°0 ¥ 9LS0'F 61860 Fuxq+e=A£ pIoe o1joy) °|
(10w [] 10w/ [] pFa PET d e[nuwioy yuase opnadesdy,

Juaw3as drprydodry
() [-4] "ov

Juawi3as diydoipAy
(W™ [O°*HO*HDI"DV

SE[NULIOJ 3} JO SJUIIDJI0D [EUOIIUI(]

uonepR.LIod Jo adL],

iy proe d1oy)
Jzinqniog

“ITe — uoTnjos snoanbe :ooejrquT drseydiojur

0] uonnjos woly (Juade onnaderoy) Yim jonppe) Juawdas orrydodr] pue = [O*HDHD] 1uw3os paje[AyleAxo oyl podsuen o) parnbor A31ouo oy pue ¢, de[misod s, U0y, SUIQLIOSIP SB[NULIOJ UONB[ALIO)) 7 d[qe ],



640

and HLB"* for solubilizer and its micellar adducts with therapeutic agents as a function of ng.

0
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Table 4. Correlation formulas describing relationship between G
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Consequently, the values of cmc determined
for the aqueous solutions of the oxyethylation prod-
ucts and micellar adducts with diclofenac, naproxen,
and loratadine were used to calculate AGY, (thermo-
dynamic potential of micelle formation). Moreover,
the total solids obtained after the evaporation of
water (~ 37°C) from saturated micellar solutions
formed in the process of solubilization in equilibri-
um constituted the basis for determining the content
of oxyethylated segments, nyz and HLB"™"® using
'HNMR method. The results of these studies, along
with the aggregates formed as a result of evaporat-
ing water from saturated micellar solutions formed
during the micellar solubilization of diclofenac,
naproxen, and loratadine in equilibrium, constituted
significant material deliverables of the verification
of the usefulness of “Rosen’s postulate” for the ther-
modynamic estimation of energy required to change
the state of matter at phase boundary: therapeutic
agent (solid body) — micellar solution of surfactant
with ¢, 2 cmc. The aim of the research reported
here was to confirm the usefulness of Rosen’s pro-
posal for estimating the solubilizing properties and
the thermodynamic stability of the micellar adduct.

EXPERIMENTAL

Materials

Product of the catalytic oxyethylation of cholic
acid with declared molar content of ethylene oxide —
ngg = 20-70. Structural characteristics and aqueous
solutions of the novel class of surfactants were
described in our previous publication (10).
Diclofenac: 2-{2-[(2,6-dichlorophenyl)amino]phen-
yl}acetic acid, pure for analysis (Sigma, Germany).
Naproxen: 2-(6-methoxy-2-naphthyl)propionic acid,
pure for analysis (Zydus Cadila — Cadila Healthcare
Ltd., India). Loratadine: 4-(8-chloro-5,6-dihydro-
11H-benzo[5,6]cyclohepta[1,2b]pyridin-11-yli-
dene)-1-piperidine-1-carboxylic acid ethyl ester,
pure for analysis (Zydus Cadila — Cadila Healthcare
Ltd., India). All the substances used in the course of
research have a low level of water solubility and
belong to BCS Class 1II.

Equipment

Stalagmometers with V = 28.20 cm® and V =
45.0 cm’ (Tropfen Wasser type) with MLW-U2C
type thermostatic system of measurement area
(Medingen Sitz Freital, Germany).

Research methodology
The surface activity of aqueous solutions of the
products of cholic acid oxyethylation and their
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4-9 A
A
4.7
@ Cholic acid
R4s
o / 1 Cholic acid with
E 43 %_ﬂ' — diclofenac
[
2 LY, .
4.1 ;E‘f_*_‘@ ; A Cholic acid with naproxen
Koo o
39 - L X Cholic acid with
= ! loratadine
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Figure 1. Graphic illustration of relationship: log(1/c,,) = f(ng)
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Figure 2. Graphic illustration of relationship: DG, = f(ng)

adducts formed as a results of the micellar solubi-
lization of diclofenac, naproxen, and loratadine in
equilibrium was determined on the basis of changes
in surface tension. The surface activity of the aque-
ous solutions of solubilizers and their micellar
adducts with the lipophilic therapeutic agents was
determined with the stalagmometric method in
accordance with the Polish Standard (15).

Determination of cmc

The determined value of critical micellar con-
centration (cmc) allowed for the calculation of the
thermodynamic potential of micelle formation (A)
based on the following equation:

AG!, = 2.303RT-log(cmc)

The relationship ¥ = f(c, mol/dm’) in the

examined range of concentrations, i.e., for the val-
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ues below cmc, was described with regression equa-
tions at p = 0.05. The correlation equations present-
ed in Table 1 allowed us to calculate c,_,, and
log(1/c,_) values of “Rosen’s postulate” (16).

Determination of HLB parameter

The saturated solutions of therapeutic agents
(diclofenac, naproxen, loratadine) obtained after
exposure to 25°C in the aqueous solution of solu-

phase
boundary

MICHAL JAKUB NACHAJSKI et al.

bilizer with c,,, = cmc were subjected to conden-
sation at 37°C, dried, and transformed into the
solid phase. The 'HNMR spectra of resultant
micellar solid dispersions in CDCIl; were
obtained as previously described (10, 11). They
were used to calculate the hydrophilic-lipophilic
balance (HLB) on the basis of the following
equation:
HLB"™"® =15 x A, /0.05(15 x A, + 10X A)

~7 "~ —> lipophilic part (ipoliowy core of cholic acid) - L
/ —> hydrophilc part [CHzCH;0).+H;0 - H

F.(H) —> the power of traction of hydrophitic radical
LIPOPHILIC Fu (L} —> the power of ejection of ipophilic radical
CRYSTALLINE
STRUCTURE
OF THERAPEUTIC
AGENT W L i
phase boundary
L
micelle
=
P
miceliar adduct of lipophiic
therapeutic agent
2* parforming work of exit” associated with change
in the state of matter of therapeutic agent
Figure 3. Lipophilic crystalline structure of therapeutic agent
20
i
19
7
"X
18 . . @ Cholic acid
* B S
/ B Cholic acid with diclofenac
. Y o ;"’ A Cholic acid with naproxen
>
P A/ X Cholic acid with loratadine
: 7 /
-é‘ 16 { y=0.1385x + 9.3679
z 1 /f R? = 0.9794
/
15 A y=0.058x + 14.771
vs R?=0.9314
5 4 y=0.0392x + 15,771
/ R?=0.9581
;‘{
/s y=0.0516x + 15.044
13 Al R? = 0.9234
12
0 20 40 &0 80
L3

Figure 4. Graphic illustration of relationship: HLB'yyg = f(ng)
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Determination of the overall number of
lipophilic protons XH, = 36 in the structure of the
molecule of cholic acid made it possible to calculate
the content of oxyethylated segments (CH,CH,O) in
dry micellar adduct after solubilization in equilibri-
um on the basis of the following equation:

ne=0B6xA,/A-3)/4

The determined values of ny; and HLB"™® are
presented in Table 1.

RESULTS AND DISCUSSION

The values of 1/c,_,,, HLB"™"* and n; pre-
sented in Table 1 point to significant variability in
the surface activity of the micellar adduct of solubi-
lizer with diclofenac, naproxen, and loratadine, as
well as to the variability of AG),, the thermodynam-
ic potential of micelle formation, in relation to the
exposure solution of derivative of the oxyethylation
of cholic acid with nz = 20-70 (Table 1). The ng
and HLB"™® of the solubilizer and its micellar
adduct also suggest individual variability in the
value of “Rosen’s postulate”, logl/c,_,,).

We analyzed the relationship between
logl/c,_,,) and the determined number of oxyethy-
lated segments, ny; (Table 1, Fig. 1), to estimate the
character of thermodynamic interactions occurring
at phase boundary. Correlation equations describing
the abovementioned relationship at p = 0.05 are pre-
sented in Table 2. The directional coefficients of the
correlation equations (Table 2) allowed us to calcu-
late the value of transport energy to the phase

boundary of the lipophilic part of solubilizer, [FT]
(AG,,), as well as the value of the transport energy
of hydrophilic oxyethylated segment, [CH,CH,O],
. [Fl] (AG,), using the following formulas:
AG,;, =a/2303 xR x T
AG,;, =b/2.303 xR x T

Presented in Table 2 values of the energy of
transport AG,, and AG,q, in all conditions
described by Loughlin allowed us to calculate the
ratio:

H/L(AG,) = ng - AGyq / AGyq

which can constitute our thermodynamic interpreta-
tion of hydrophilic-lipophilic balance at phase
boundary. The results are presented in Table 3.

The calculated values of H/L(AG,) ratio (Table
3) suggest that individual progression of this param-
eter is determined by the method and place of the
solubilization of therapeutic agent and significant
thermodynamic stability (AG;,) of micellar adduct.
The values of H/L(AG,) presented in Table 3
inspired us to analyze the relationship AG;, = f(ng)
and to estimate “Rebinder’s effect”, i.e., the value of
energy required to transform the molecule of thera-
peutic agent from solid body to micelle (molecular
state of dispersion). The correlation equations for
AG!, = f(ngg) formula, obtained at p = 0.05, are pre-
sented in Table 4. The directional coefficient “a” of
the correlation equation y = a + b-x by ny; = 0 can
refer to AGy,,,, of the lipophilic core of cholic acid
and its micellar adducts with lipophilic therapeutic
agents, i.e., diclofenac (AG},,D), naproxen (AGy,,,N),
and loratadine (AGS, ,,,L).

(gr)

Figure 5. Microscopic structure of the solutions of solubilizers with n; = 70 and the solutions of adducts after the loss of volatile compo-
nents (evaporation of solvent): A — solution of surfactant, B — adduct with diclofenac, C — adduct with loratadine

= |5

Figure 6. Microscopic structure of the solutions of solubilizers with ny; = 50 and the solutions of adducts after the loss of volatile compo-
nents (evaporation of solvent): A — solution of surfactant, B — adduct with diclofenac, C — adduct with loratadine
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In such a state, due to the proposed experimen-
tal model, one can estimate the level of energy (or
work) of “Rebinder’s effect” required to transport
the molecules of therapeutic agent (following com-
plete moistening) from the surface of solid body to
micellar structure, and to form the thermodynami-
cally stable adduct. The values of AGY,,, coeffi-
cients presented in Table 4 allowed us to estimate
the energy of transport required to change the state
of matter on the basis of the following formula:
A(“Rebinder’s effect” eR) = AG;, ,y D.N,L — AG},
of cholic acid

The values of eR calculated on the basis of the
abovementioned formula equaled to:

for diclofenac: A”eR” =—0.1776 kJ/mol

for naproxen: A”eR” = —0.2823 kJ/mol
for loratadine: A”eR” = —0.8003 kJ/mol

The thermodynamic stability of solubilizer’s
micelle and the adduct with lipophilic therapeutic
agents at phase boundary (air/water) was confirmed
by the values of H/L(AG,) ratio (Table 3) and the
relationship HLB"™"® = f(n,;) presented in Figure 4.

On the basis of the abovementioned relation-
ships, we observed that the solubilization of
lipophilic therapeutic agent is associated with an
increase in the hydrophilicity of the adduct
(obtained in solid phase). This was suggested by the
values of the directional coefficients of correlation
equations presented in Table 4, which varied signif-
icantly depending on solubilizers, i.e., the oxyethy-
lation products of cholic acid with n;; = 20-70. We
revealed that the products (solid dispersions)
obtained upon the micellar solubilization of
diclofenac, naproxen, and loratadine in equilibrium,
and subsequent dehydration (drying at 37°C) have
HLB"™M® which suggests their significant
hydrophilicity, irrespective of being the adducts of
the lipophilic therapeutic agents.

Analyzing the microscopic structure of com-
pounds obtained upon the loss of the volatile com-
ponents of the solutions of solubilizer with ¢, =
cme and the saturated solutions of adducts, we
found the important material explanation for the
abovementioned statement (Figs. 5, 6) as the thera-
peutic agents were located in the core, that is to say,
in the central part of solubilization space (micelle).

(gr)

CONCLUSIONS

1. Analyzing an array of homologous structures of
cholic acid oxyethylation products with n; =
20-70, as well as their micellar adducts with
lipophilic therapeutic agents: diclofenac, naprox-
en, and loratadine, we confirmed the relationship

between ‘“Rosen’s postulate” [log(1/c,_,,)] and
the content of oxyethylated segments (nz). The
calculated values of transport energy, G, and
G, constituted the base for determining
H/L(G,) ratio, being the thermodynamic charac-
teristic of hydrophilic-lipophilic balance at the
phase boundary.

2. The values of AG,,, for solubilizer and its
micellar adducts with diclofenac, naproxen, and
loratadine, which were calculated with approxi-
mation formulas, constituted the basis for esti-
mating ‘“Rebinder’s effect” associated with the
energy required to transform the molecule of
therapeutic agent into the state of molecular dis-
persion. The value of AG{,,, points to thermody-
namic stability and to the possibility of estimat-
ing the energy of transport associated with
changing the state of matter.

3. The structural character of interaction occurring
at phase boundary between the micellar solution
of solubilizer and solid body (dispersed thera-
peutic agent) was confirmed by the values of
log(1/c,00), AGy e, HLB™ ', and H/L(G,,), as
well as by the documentation obtained after
evaporating water from saturated solution
formed as a result of the solubilization of
lipophilic therapeutic agent in equilibrium.

4. The results of this study confirm the possibility
of comprehensive utilization of “Rosen’s postu-
late” for the evaluation of solubilization proper-
ties of cholic acid oxyethylation products.
Moreover, they allow for the thermodynamic
estimation of ,,Rebinder’s effect” associated with
the energy of transport required for changing the
state of matter of lipophilic therapeutic agent.
The results of the research facilitate the applica-
tion of Rosen’s proposal for the assessment of
the usefulness of solubilizers and the stability of
the systems obtained.
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