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The effect of various alcohols as vehicles on skin permeability was compared for unmodified ibuprofen (IBU)

and ion pairs of ibuprofen with L-valine alkyl esters [ValOR][IBU], in which the alkyl chain R was changed

from C1 to C8. In vitro permeation experiments were conducted in a Franz cell with porcine skin.

Methanol, ethanol, and isopropanol solutions of 70% (v/v) were chosen as vehicles for penetrants and

a buffer solution of pH 5.4 or 7.4 as the acceptor phase. The comparisons of permeation profiles for

various [ValOR][IBU] from different alcohols were determined. The cumulative mass, skin accumulation,

steady-state flux, diffusion coefficient, and lag time were investigated and compared. It was observed

that i-propanol was the best enhancer of skin permeation of both unmodified ibuprofen and its salts

with L-valine alkyl esters for both acceptor phases. The permeability of the various carriers increases with

increasing chain-length of the alcohol. In most cases, significantly higher cumulative mass was found in

the acceptor buffer of pH 7.4. The conjugate of ibuprofen with L-valine propyl ester [ValOPr][IBU]

permeated the skin to the highest degree in comparison to unmodified ibuprofen. The accumulation of

ibuprofen was higher for all salts in relation to the parent acid applied onto the skin. The greatest

amounts of ibuprofen were accumulated in the skin when ibuprofen was used as the ionic pair with L-

valine butyl ester, [ValOBu][IBU] in the i-propanol solution and pH 7.4 buffer as the acceptor phase.
Introduction

Transdermal drug delivery stands as a convenient route for the
administration of active substances since it allowsminimization of
the rst-pass metabolism, avoiding the gastrointestinal degrada-
tion, and providing controlled and prolonged drug release into the
systemic circulation.1 The skin though, in particular, the stratum
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corneum (SC) is the major limiting factor for percutaneous
absorption of therapeutic agents.2 The SC protects against external
toxins and water loss but also acts as a barrier for drug penetration
into the skin, which is highly dependent on lipophilicity, molec-
ular size, and solubility of the active substance.3

Solvents, such as short-chain alcohols (ethanol, propanol,
isopropanol) indicate high enhancing activity but also good
IBU, aer 24 h skin permeation of ibuprofen free acid and its salts with
L-valine esters from methanolic, ethanolic and isopropanolic solution into
acceptor uid at pH 7.4 and 5.4 (Table S7); NMR spectra of obtained
compounds (Fig. S1, S2, S5, S6, S9, S10, S13, S14, S17, S18, S21, S22, S25, S26,
S30, S31, S35 and S36) FT IR spectra od obtained compounds (Fig. S3, S7,
S11, S15, S19, S23, S27, S32 and S37), the TG, DTG and c-DTA curves of
obtained compounds (Fig. S4, S8, S12, S16, S20, S24, S28, S33 and S38); the
DSC curves of L-valine obtained alkyl ester ibuprofenates (Fig. S29, S34 and
S39). The cumulative mass of compound in skin aer 24 hours of permeation
(n ¼ 3) – acceptor phase with pH 5.4 (Fig. S40). The cumulative mass of
compound in skin aer 24 hours of permeation (n ¼ 3) – acceptor phase with
pH 7.4 (Fig. S41). Hierarchical dendrogram of a mean cumulated mass of IBU
(Fig. S42). Box and whisker plot of data from a mean cumulative mass of IBU
depending on the type of ibuprofen derivative used (Fig. S43). Box and
whisker plot of data from a mean cumulative mass of IBU depending on the
type vehicles used (Fig. S44). Box and whisker plot of data from a mean
cumulative mass of IBU depending on the pH used (Fig. S45). Diffusing of
analyzed compounds through pig skin from alcoholic solutions to acceptor
phase with different pH (Fig. S46–S56). See DOI: 10.1039/d0ra06567f

RSC Adv., 2020, 10, 41727–41740 | 41727

http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra06567f&domain=pdf&date_stamp=2020-11-16
http://orcid.org/0000-0002-2362-1809
http://orcid.org/0000-0002-3176-5511
http://orcid.org/0000-0002-7396-9424
http://orcid.org/0000-0002-4287-6751
http://orcid.org/0000-0002-1616-1023
http://orcid.org/0000-0003-3295-5023
http://orcid.org/0000-0001-6239-2853
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra06567f
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA010068


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 8
:4

1:
55

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
solvating power. Therefore, they are frequently used as
enhancers and co-solvents for increasing the solubility of lipo-
philic compounds in aqueous vehicles, improving drug parti-
tioning into a membrane and its thermodynamic activity.4–6 It
has been reported that short-chain aliphatic alcohols can rela-
tively enhance skin permeation of active substances when are
applied to the drug.7,8 Moreover, it was demonstrated that the
rate of adsorption of the drug on the skin and permeability
coefficients increased with increasing alcohol chain length.
This relationship applies to short-chain alcohols from C1 to
C4.9–11

Chandra et al. examined the inuence of alcohols as chem-
ical penetration enhancers on the in vitro permeation of ketor-
olac, the non-steroidal anti-inammatory drug (NSAID) from
hydrogel gel formulation across rat abdominal skin. The
hydrogel of a nonionic polymer, methocel K15M (hydroxyl
propyl methylcellulose, HPMC) with the addition of various
alcohols (ethanol, n-propanol, isopropyl alcohol, n-butanol, n-
pentanol, and propylene glycol) was used. The highest perme-
ation coefficient was observed for isopropanol. Moreover, an
increase in isopropanol concentration enhanced the perme-
ation of ketorolac.12

Wenkers et al. investigated the skin penetration of series
NSAIDs drugs, such as ibuprofen, ketoprofen, naproxen, diclo-
fenac, etc. aer application in the light mineral oil as a lipo-
philic vehicle. They showed that the skin permeability of
NSAIDs is a function of hydrophilicity of the drugs, i.e., of their
partition coefficients between phosphate buffer saline (pH 7.4)
and the lipophilic vehicle, which was log PPBS/MO ¼ �0.07 for
ibuprofen respectively. The experimentally determined skin
permeabilities generally increase with increasing hydrophilicity
of the NSAIDs. In this case, the viable epidermis instead of the
stratum SC became the rate-limiting barrier for the transport of
NSAIDs out of a lipophilic vehicle. Authors also revealed that the
maximum ux of NSAIDs is primarily dependent on their
vehicle solubility.13

Ibuprofen (IBU), the commonly used drug from the NSAID
group has a high potential for application in transdermal
systems. However, it is characterized by low solubility (21 mg
dm�3 at 25 �C in water) and relative high lipophilicity (log P is in
the range of 2.41–4.00 the value depends on the measurement
method) which result in its poor permeation through the
skin.14–21 Due to the acidic nature (pKa ¼ 4.4), its solubility is
dependent on the pH of the environment – it increases with
increasing alkalinity: it can vary from 0.024 mg cm�3 (pH ¼ 2.2)
to 14.8 mg dm�3 (pH ¼ 9.2). This is closely related to the
increase in the ionization degree, which in turn determines the
ability of ibuprofen to penetrate the skin. It has been shown that
the increased solubility of the ionized molecule reected in the
increased permeability at high pH.22–24

The currently available on the market dermal dosage form of
IBU is oen prepared from the proper combination of water and
alcohol.24,25 However, the composition of the vehicle has
a signicant inuence on the percutaneous absorption of
topical IBU preparations.26 IBU moiety is a carboxylic acid,
therefore its partition behavior also depends on pKa and ioni-
zation state.23 Watkinson et al. investigated the inuence of the
41728 | RSC Adv., 2020, 10, 41727–41740
increasing amount of ethanol as a cosolvent on the solubility,
ionization, and permeability of IBU in the human skin. The
greater content of ethanol increased the pKa value and the
proportion of unionized IBU and diffusion across the skin
increased with the content of ethanol in the formulation. The
optimal ux was indicated for 50 : 50 and 75 : 25 ethanol–water
vehicles.27 Additionally, various modications of the ibuprofen
structure are tested to increase ibuprofen solubility and skin
permeability. One of the simplest ways is the formation of
ibuprofen inorganic salts and ionic pairs with organic bases. In
the literature, inorganic salts, such as sodium,28 potassium,
calcium, magnesium, aluminum,29 copper,30 zincum,31 and
organic – e.g. lizynium,32 ranitidinium, diphenhydraminium,33

benzalkonium, didecyldimethylammonium34 salts. The
ibuprofen alkylamine salts were obtained by Sarveiya et al.
Those salts were characterized by the higher diffusion through
the PDMS (polydimethylsiloxane) membrane compared to the
sodium salt.35 Wu et al. reported increased solubility in water of
various aromatic, tetra-alkylammonium, and tetra-
alkylphosphonium ibuprofen salts, compared to the parent
acid and improved skin permeability compared to the
ibuprofen sodium. In addition, they showed that tetrahex-
ylammonium and didecyldimethylammonium salts provided
more and faster ibuprofen skin permeation.36 Furukawa et al.
presented a combination of ibuprofen with proline ethyl ester
as the base to form an ionic liquid with increased pig skin
permeability.37 Wang et al. presented a new combination of
ibuprofen with lidocaine and ethanol in the form of liquid co-
crystals in a deep eutectic form.38 The authors proved that
both lidocaine and ibuprofen are transported through the
model membrane at much higher rates than the corresponding
commercially available crystalline salts, i.e. lidocaine chloride
and ibuprofen sodium.

In the recent study, we presented the ibuprofen derivatives
made by its pairing with some L-valine alkyl esters counterion,
which can improve the transport of ibuprofen through porcine
skin from ethanol.17 The presented compounds combine the
activity of ibuprofen and an amino acid, and thanks to the form
of an alkyl ester, they provide increased water solubility and
skin permeability. L-Valine was selected for the research due to
the fact that it belongs to the essential exogenous amino acids
and is involved in many processes in the body for example
inhibits musclebuilding protein degradation process, triggers
gluconeogenesis, intensies the secretion of anabolic
hormones. Furthermore L-valine is necessary for the synthesis
of pantothenic acid.39,40 Therefore, the proposed compounds,
apart from the therapeutic effect specic for ibuprofen, can
provide a prophylactic and protective effect appropriate for L-
valine.

In this study, we compared the effect of three alcohols –

methanol, ethanol, and i-propanol, as vehicles, on the skin
permeation of ibuprofen paired with L-valine alkyl esters, where
alkyl chain was from the methyl (C1) to the octyl (C8). The
reason of methanol application in this study was to evaluate the
effect of the chain length on the permeability of the compounds
obtained. These studies had a scientic, not application,
purpose. Obviously, methanol is a toxic compound and will
This journal is © The Royal Society of Chemistry 2020
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therefore not be used in commercial formulations for skin
application. The use of methanol for this type of research is
therefore justied, which is conrmed by research conducted
by other scientists.41 Moreover, the pH value of the acceptor
phase in permeation in vitro tests was set at 5.4 and 7.4 for
simulation of the skin surface (stratum corneum) and under-
lying epidermis and dermis.
Table 1 The properties of ibuprofen and its L-valine ester derivativesa

No. Compound Colour Tm/�C Tc/�C Tonset/�C [a]TD
Results and discussion
Synthesis, identication, and characterization of the [ValOR]
[IBU]

Using previously described a three-step method,17 we synthe-
sized salts of ibuprofen with L-valine alkyl esters (Scheme 1).
The alkyl chain in the L-valine ester group was extended to
methyl, heptyl, and octyl group (R) in comparison to the prior
described C2–C6 esters.17 The compounds were obtained in high
yields (92–98%) and were identied by 1H and 13C-NMR, FTIR,
and elemental analysis (see ESI†). In the rst step, the hydro-
chlorides of L-valine alkyl esters (ValOR$HCl) were synthesized42

by the reaction of the proper alcohol with L-valine and chloro-
trimethylsilane (TMSCl) as a chlorinating agent. Then the
neutralization of the hydrochloride (ValOR$HCl), using the
aqueous ammonia, gave the respective L-valine ester (L-ValOR),
which was paired with an equimolar amount of ibuprofen to
obtain [ValOR][IBU], without forming any by-products. The high
purity of ibuprofen salts was conrmed by the content of indi-
vidual elements (C, H, N, O) and NMR analysis. Additionally, 1H
NMR, 13C-NMR and FTIR spectra conrmed that synthesized
compounds were organic salts consisting of L-valine alkyl ester
cation and ibuprofenate anion – in the equimolar ratio each ion
(see ESI†). The NMR spectra clearly show the ionic structure of
the synthesized compounds. Signals for the protons of the
protonated amino group (NH3

+) of the amino acid ester moiety
appeared in CDCl3 at the chemical shi (d) in the range of
5.08 ppm for [ValOMe][IBU] to 6.03 ppm for [ValOOct][IBU]. The
integration of these signals corresponds to the three protons.
Moreover, on the 13C-NMR spectra of the obtained compounds,
the signal of the carbonyl carbon of ibuprofen is observed at
179 ppm and is shied about 2 ppm in comparison to the value
for this carbon in the parent acid (181.16 ppm).43–45 Also, the
FTIR analysis demonstrated the presence of strong bands at ca.
1600 and 1390 cm�1, assigned to the symmetric and asym-
metric stretching vibrations of carboxylate anion accordingly.
Scheme 1 The three-step synthesis of salts of ibuprofen and L-valine
alkyl esters.

This journal is © The Royal Society of Chemistry 2020
The difference between the frequency values assigned to
n(COO�)sym and n(COO�)as vibrations is above 200 cm�1.46

Moreover, the absence of the specic, for unprotonated NH2

group, vibrational N–H band at about 3390 and 3320 cm�1 in
the FTIR spectra conrmed the formation of ionic structure of
the ibuprofen derivatives. Also, the sharp absorption band is
observed in the range of 1733–1740 cm�1, which is character-
istic of the C]O in the carboxylic group.

The obtained ibuprofen salts were white solids with melting
points below 100 �C, therefore according to the accepted de-
nition, can be qualied as ionic liquids. The melting point
decreased with can be qualied as ionic liquids.

The melting point decreased with the increase in alkyl chain-
length in the ester group of the L-valine ester moiety and was the
highest for [ValOMe][IBU] (Tm ¼ 89.4 �C), while the lowest for
[ValOOct][IBU] (Tm ¼ 62.0 �C) (Table 1). This dependence was
also observed in the previously reported study.17 The crystalli-
zation temperatures of [ValOR][IBU], dened as the lowest point
of the dip on DSC curves, were summarized in Table 1. The
crystallization temperature depends on the length of the alkyl
chain in the valine alkyl ester cation. The same relationship
was observed for the melting point. The longer alkyl chain
resulted in a lower crystallization temperature. The highest
crystallization temperature was registered for [ValOMe][IBU]
(TC ¼ 69.98 �C) while the lowest for [ValOOct][IBU] (TC ¼
34.95 �C). The conjunction of ibuprofen with the i-propyl
ester of L-valine was characterized by about 15 �C higher
crystallization temperature than the conjunction with the n-
propyl ester (TC ¼ 48.67 �C).

The thermal stability of the obtained ibuprofen derivatives
was determined by TG analysis. The thermal degradation was
estimated based on the Tonset value for the mass loss. All the
obtained salts of ibuprofen, [ValOR][IBU] showed lower thermal
stability compared to the parent acid, for which Tonset was
189.9 �C (Fig. 1). Moreover, the stability increased with an
increase in the length of the alkyl chain in the ester group of the
cation. The lowest onset point was demonstrated for ibuprofen
salt paired with L-valine methyl ester [ValOMe][IBU] (Tonset ¼
82.9 �C), while the highest thermal stability was established for
the salt with L-valine octyl ester [ValOct][IBU] (Tonset ¼ 151.7 �C).
1 IBUb White 77.51 — 189.8 —
2 [ValOMe][IBU] White 89.40 69.98 82.9 +14.933
3 [ValOEt][IBU]b White 77.99 55.20 89.5 +8.867
4 [ValOPr][IBU]b White 79.81 48.67 109.5 +9.760
5 [ValOiPr][IBU]b White 78.01 64.02 90.2 +11.852
6 [ValOBu][IBU]b White 76.80 46.22 119.9 +11.094
7 [ValOAm][IBU]b White 73.81 41.99 129.8 +10.076
8 [ValOHex][IBU]b White 67.35 36.51 128.9 +8.987
9 [ValOHept][IBU] White 63.30 37.51 135.7 +7.678
10 [ValOOct][IBU] White 62.00 34.95 151.7 +8.300

a Tc – cold crystallization temperature, Tm – melting point, Tonset – the
onset of the thermal degradation. b Data for these compounds were
earlier reported in ref. 17.

RSC Adv., 2020, 10, 41727–41740 | 41729
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Fig. 1 The TG curves of ibuprofen and its L-valine ester derivatives red
[ValOMe][IBU]; dark blue [ValOEt][IBU]; light blue [ValOiPr][IBU]; light
purple [ValOPr][IBU]; black [ValOBu][IBU]; brown [ValOAm][IBU]; gray
blue [ValOHex][IBU]; navy blue [ValOHept][IBU]; dark purple [ValOOct]
[IBU] and green, IBU.
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All of the synthesized ibuprofen salts [ValOR][IBU] have two
chiral centers, one in the amino acid cation and one in the
ibuprofenate anion. Because they were synthesized from the
racemic ibuprofen and pure L-valine enantiomer they reveal
optical activity (Table 1). The value of specic rotation was the
highest for [ValOMe][IBU], [a]20D ¼ +14.933, while for the rest of
the synthesized salts this value was in the range of +7.678 for
[ValOHept][IBU] and +11.852 (molar specic rotation: +43.325)
for [ValOiPr][IBU].

The solubility of IBU salts was investigated in the selected
polar and nonpolar solvents, following the modied Vogel's
method at the temperature of 25 �C.47 The obtained results were
summarized in Table 2. The solvents were ranked with
decreasing value of empirical polarity parameters (ET (30)).48 If
the amount of substance dissolved in 1 cm3 was lower than
33 mg, the compound was marked as practically insoluble. The
compound was described as partly soluble when amount of 33–
100 mg dissolved in 1 cm3 and as soluble, when more than
100 mg of the compound was soluble in 1 cm3.

This study extended data from the previous work.17 There are
an increasing ability of [ValOR][IBU] to dissolve in nonpolar n-
hexane with elongation of the alkyl chain in the L-valine ester
Table 2 Solubility in water and organic solvents of ibuprofen and its L-v

No. Compound
Ethanol
(51.9)

DMSO
(45.1)

Chloroform
(39.1)

1 IBU (rac) +17 +17 +17

2 [ValOMe][IBU] + + +
3 [ValOEt][IBU] +17 +17 +17

4 [ValOPr][IBU] +17 +17 +17

5 [ValOiPr][IBU] +17 +17 +17

6 [ValOBu][IBU] +17 +17 +17

7 [ValOAm][IBU] +17 +17 +17

8 [ValOHex][IBU] +17 +17 +17

9 [ValOHept][IBU] + + +
10 [ValOOct][IBU] + + +

41730 | RSC Adv., 2020, 10, 41727–41740
group. The IBU and [ValOMe][IBU] were insoluble in n-hexane,
while salt with [ValOAm] moiety was soluble partly. The novel
salts were soluble in ethanol DMSO, chloroform, ethyl acetate,
diethyl ether, and toluene. The obtained compounds were used
in the skin permeation experiments as alcoholic solutions in
concentration of 0.01 g cm�3, which was much lower than their
solubility (over 0.100 g per 1 cm3 of 70% alcohol).

The solubility in deionized water and phosphate buffers at
25 �C at pH 5.4 and 7.4 was summarized in Table 3. The ob-
tained results include data obtained in the previous work.17 The
saturated concentration of the ibuprofen and its salts was
expressed also as the concentration of the active substance. The
presence of the amino acid alkyl moiety alters the solubility of
the ibuprofen following the before described dependency. The
solubility in water and both buffers decrease among with
elongation of the carbon chain in the alkyl group and is the
lowest for [ValOOct][IBU]. It results from weaker solvation
power and stronger intermolecular interaction between the
molecules, which requires more energy input.3 However, the
[ValOMe][IBU] was characterized by a lower solubility than
[ValOEt][IBU] in deionized water and pH 5.4 buffer but
comparable at pH 7.4.

The solubility of an active substance in the buffer of pH 7.4
was higher than in the pH 5.4 buffer. The saturation concen-
tration was in the range between 3.055 g IBU dm�3 for [ValOEt]
[IBU] and 0.259 g IBU dm�3 for [ValOOct][IBU]. In the pH 5.4
buffer, the solubility was 3.969 g IBU dm�3 for [ValOEt][IBU]
and was more than 20-fold lower for salts with [ValOHex][IBU]
and [ValOOct][IBU]. The effect of pH on solubility of sodium salt
of ibuprofen was presented by Sarveiya et al. (2004),35 showing
increase solubility with an increase in the pH value.

Skin permeation and accumulation

In our research in vitro skin penetration studies were conducted
using abdomen porcine skin. The porcine skin is frequently
used for preliminary evaluation of percutaneous permeation of
topically applied drugs due to its similar properties and similar
permeability to human skin.49 Porcine skin is considered
appropriate as it is very close to human skin from physiological
and histological viewpoints.50,51 In vitro penetration of
ibuprofen through porcine skin has previously been evaluated
in many studies.17,52–55
aline derivatives at 25 �C

Ethyl acetate
(38.1)

Diethyl ether
(34.5)

Toluene
(33.9)

n-Hexane
(31.0)

+17 +17 +17 �17

+ + + �
+17 +17 +17 �17

�17 �17 +17 �17

�17 �17 +17 �17

�17 �17 +17 �17

+17 +17 +17 �17

+17 +17 +17 +17

+ + + +
+ + + +

This journal is © The Royal Society of Chemistry 2020
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Higher penetration of IBU derivatives through pig skin is
conrmed by Furukawa et al., where ibuprofen-ProOEt perme-
ated ten-times higher than for free ibuprofen and variation in
skin permeation depends on strong ion-pairing between
a cation and an anionic drug.37

In our in vitro study, the penetration of new ibuprofen
derivatives was compared with the penetration of parent
ibuprofen. The donor phase was a 1% (m/v) solution of the
tested compound, which was dissolved in an aqueous solution
of methanol, ethanol, or isopropanol (concentration of alcohol
was 70% v/v). The acceptor phase was a buffer solution of pH 5.4
or pH 7.4.

The penetration of active compounds, which are topically
applied, is restricted by stratum corneum. Lipophilic
substances in the skin barrier inhibit the penetration of exog-
enous therapeutic and cosmetic compounds. Lipophilicity is an
indicator that determines the penetration of substances
through the skin. The increase in the lipophilicity of the
compound could make faster penetration and contributes to
achieving the desired therapeutic concentration of the drug.56,57

Modifying the lipophilicity of the compound and selecting
the appropriate vehicle could affect, to a large extent, on the
penetration of active substances into the skin. Methanol,
ethanol, and isopropanol are good solvents, wherein ethanol
and isopropanol are oen used as a solvent of the topical
lipophilic drugs8,58–60. In the present study, the effect of the
solvent on the penetration of ibuprofen derivatives and
unmodied IBU was also estimated. Into the donor chamber
was used 70% of methanol, ethanol, and isopropanol. Krish-
naian et al. demonstrated that this concentration of ethanol in
ratio ethanol–water 70 : 30 (v/v) is an optimal vehicle of trans-
epidermal application of the drug.61 Watkinson et al. demon-
strated that used ethanol–water 75 : 25 (v/v) concentration
caused the rate of the ibuprofen penetration was the most
effective. The author suggests that the decrease of penetration
of the substances from concentrated alcohol is caused by
dehydration of the skin.27 The permeation of glibenclamide and
glipizide increased with the concentration of ethanol, reaching
a maximum at 70% (v/v) and then decreasing with further
increase concentration to 80% (v/v).62 Ethanol and isopropanol
are promoters of transepidermal transport, which has an effect
on the effectiveness of penetration of active substances into the
skin. They are able to reversibly transform the structure of the
laminar system of the lipid matrix of the epidermis, thanks to
which they can facilitate accelerate the diffusion of particles by
stratum corneum. In addition, ethanol can disrupt the function
of the skin barrier by affecting the cells between the cellular
cement. This results in loosening the lipid layer and increasing
its uidity and consequently increases the degree of diffusion of
active compounds.59,63

Almost for each compound, there is the same tendency of an
increase in the cumulative mass of ibuprofen that permeated
through the skin, expressed as mg IBU cm�2, with the change of
the alcohol as a vehicle, in the sequence frommethanol through
ethanol to i-propanol, for both acceptors phases pH 5.4 and 7.4
(Table 4). It means, that i-propanol is the best enhancer of skin
permeation of both unmodied ibuprofen and its salts with L-
RSC Adv., 2020, 10, 41727–41740 | 41731
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Table 4 The cumulative mass of ibuprofen and its salts, expressed in mg IBU cm�2, after 24 h permeation testa

Compound

Cumulative mass of IBU, mg IBU cm�2

pH 7.4 pH 5.4

MeOH EtOH iPrOH MeOH EtOH iPrOH

IBU 229.27 � 5.53 302.84 � 3.63b 380.11 � 3.44 219.18 � 0.64 240.48 � 4.85 336.10 � 5.58
[ValOMe][IBU] 226.49 � 3.82 251.69 � 16.29 290.27 � 21.81 197.25 � 6.75 235.37 � 12.57 265.64 � 8.35
[ValOEt][IBU] 200.82 � 1.62 215.19 � 8.14b 281.29 � 19.98 203.77 � 4.16 190.01 � 1.14 216.60 � 1.11
[ValOiPr][IBU] 296.71 � 6.39** 341.20 � 4.87**b 410.76 � 26.72* 214.86 � 1.77 296.71 � 5.85** 352.54 � 3.97*
[ValOPr][IBU] 373.36 � 4.79** 382.35 � 1.05**b 411.76 � 1.78* 342.41 � 0.94** 313.16 � 3.07** 307.38 � 3.08
[ValOBu][IBU] 260.24 � 2.18** 289.74 � 1.05b 371.75 � 14.92 248.78 � 3.89** 280.22 � 2.95** 285.75 � 5.08
[ValOAm][IBU] 245.97 � 6.13* 308.96 � 3.77**b 302.24 � 5.17 207.47 � 3.08 211.20 � 4.05 234.46 � 7.83
[ValOHex][IBU] 218.90 � 11.08 249.46 � 26.06b 318.66 � 1.16 205.76 � 5.12 216.20 � 8.68 245.55 � 5.12
[ValOHept][IBU] 155.60 � 9.03 209.53 � 15.62 197.79 � 9.58 143.81 � 4.84 174.65 � 6.74 181.69 � 9.08
[ValOOct][IBU] 150.49 � 6.17 162.28 � 10.95 154.07 � 6.39 149.34 � 9.92 152.08 � 9.09 148.47 � 6.92

a *Value is higher signicantly from control (ibuprofen) (P < 0.05), **value is higher signicantly from control (ibuprofen) (P < 0.001). b Data
reported in ref. 17.
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valine esters. The exceptions are three salts with the longest
chain in ester group ([ValOAm][IBU], [ValOHept][IBU] and
[ValOOct][IBU]) that permeated the skin in slightly larger
amounts from ethanol than an i-propanol solution to a buffer of
pH 7.4 as the acceptor phase and one salt ([ValOPr][IBU]), that
the best penetrated the skin from methanol solution to the
buffer at pH 5.4.

Among all the tested salts, the highest IBU cumulative
masses, 411.76 mg IBU cm�2 and 410.76 mg IBU cm�2 were
reached for the combination of ibuprofen with L-valine propyl
ester – [ValOPr][IBU] and L-valine i-propyl ester – [ValOiPr][IBU]
respectively, when the buffer pH 7.4 was acceptor phase and the
i-propanol solution was the donor phase. For the buffer pH 5.4
as the acceptor phase, the highest IBU cumulative masses were
also achieved for the same salts, for [ValOiPr][IBU] from i-
propanol (352.54 mg IBU cm�2) and [ValOPr][IBU] from meth-
anol (342.41 mg IBU cm�2). The cumulative masses in these
cases were also higher than those obtained for the parent acid
used under the respective conditions (Table 2).

Analyzing all used factors as acceptor chamber pH and
solvents – the most preferred derivative is for [ValOPr][IBU].
This derivative penetrated the highest degree in comparison
with unmodied ibuprofen, as conrmed by the Mann–Whit-
ney test (p ¼ 0.000) (see ESI, Table S4†) and by cluster analysis
test (see ESI, Fig. S42†), and a box and whisker plot (see ESI,
Fig. S43†).

In our study, signicant differences in permeation efficiency
were found, depending on the vehicle used (see ESI, Table S5†).
Considering the average cumulative mass of the compounds,
the permeation from the vehicles used was ranked in the
following order: isopropanol > ethanol > methanol. All tested
compounds best-penetrated from isopropanol with compared
methanol, as conrmed by the Mann–Whitney test (p ¼ 0.000)
(see ESI, Table S5 and Fig. S44†).

The selection of an appropriate buffer to acceptor chamber
in in vitro studies is very important. It is also very signicant to
create conditions very similar to those prevailing during in vivo
studies. In our study analysis of the release of the drug was done
41732 | RSC Adv., 2020, 10, 41727–41740
in physiology conditions using the acceptor solution of pH 5.4
and pH 7.4. The rst of them is a value similar to pH on the skin
surface, the other is a close parameter to conditions in the
deeper layers of the skin.64 In our research, in most cases, the
signicantly higher cumulative mass was in acceptor solution of
pH 7.4. Considering all test substances, penetration into the
acceptor uid at pH 7.4 was signicantly higher, as conrmed
by the Mann–Whitney test (p ¼ 0.001) (see ESI, Table S5 and
Fig. S45†).

Moreover, the greatest amounts of ibuprofen, expressed in
mg IBU per g of skin, were accumulated in the skin when
ibuprofen was used as the ionic pair with L-valine butyl ester,
[ValOBu][IBU] and in the i-propanol solution (Table 5). These
values were 844.06 mg IBU g �1 and 863.53 mg IBU g�1 for
respectively pH 5.4 buffer and pH 7.4 as the acceptor phase. The
conjunction [ValOBu][IBU] was also the most accumulated in
the skin from methanol and ethanol solution used as a vehicle
in the permeation test. Only for the ethanol solution as donor
phase and pH 5.4 as the acceptor phase, the highest accumu-
lation was observed for [ValOiPr][IBU] (712.60 mg IBU g�1)
(Table 5).

Due to the decreasing dose of ibuprofen applied to the skin
along with the longer alkyl chain in the L-valine ester cation,
both the cumulative mass of the permeated ibuprofen and its
accumulation in the skin were expressed in % of applied IBU
dose. These values for individual salts were compared in the
relation to that obtained for the parent acid applied and were
expressed as the relative differences in skin permeation (RDSP)
and skin accumulation (RDSA) of ibuprofen.

The relative percentage differences in IBU skin permeation
(RDSP) in each vehicle (MeOH, EtOH, iPrOH) and pH value of
the acceptor phase were calculated as follows:

RDSP ð%Þ ¼

% permeated dose ½IBU�salts �% permeated dose ½IBU�acid
% permeated dose ½IBU�acid

� 100%
This journal is © The Royal Society of Chemistry 2020
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Table 5 Skin accumulation expressed as mg of IBU per g of skin, after 24 h skin permeation of ibuprofen free acid and its salts with L-valine esters
from methanolic, ethanolic and isopropanolic solution into acceptor phase pH 7.4 and 5.4 (mean values � SD with n ¼ 3)a

Compound

Skin accumulation, mg IBU g�1

pH 7.4 pH 5.4

MeOH EtOH iPrOH MeOH EtOH iPrOH

IBU 554.82 � 59.51 745.69 � 61.87b 710.36 � 91.49 506.47 � 56.04 580.70 � 63.80 600.97 � 64.54
[ValOMe][IBU] 484.87 � 40.50 447.17 � 90.02 512.80 � 42.16 451.50 � 68.28 416.91 � 39.528 469.08 � 27.88
[ValOEt][IBU] 472.97 � 54.40 412.19 � 22.57**b 599.74 � 74.75 492.19 � 28.02 481.95 � 100.76 602.98 � 34.06
[ValOiPr][IBU] 702.31 � 38.82* 726.42 � 63.99**b 746.13 � 44.20 622.23 � 122.76* 712.60 � 19.84* 699.28 � 113.98
[ValOPr][IBU] 743.30 � 40.03* 630.75 � 34.92**b 823.06 � 30.98* 574.53 � 56.38 702.22 � 36.01* 788.16 � 49.91*
[ValOBu][IBU] 778.50 � 8.60* 815.14 � 32.03*b 863.53 � 83.17* 751.46 � 79.40* 617.34 � 75.34 844.06 � 35.46*
[ValOAm][IBU] 505.50 � 56.85 565.60 � 37.27b 591.41 � 95.30 585.21 � 68.27 627.08 � 67.86 546.15 � 105.15
[ValOHex][IBU] 512.78 � 51.99 612.86 � 65.80b 568.10 � 16.45 482.40 � 78.66 544.44 � 80.74 429.64 � 21.01
[ValOHept][IBU] 500.88 � 37.42 556.40 � 30.70 541.89 � 41.57 456.97 � 21.81 526.92 � 42.39 483.07 � 17.69
[ValOOct][IBU] 454.95 � 47.15 465.52 � 23.10 478.61 � 30.98 504.84 � 47.56 482.22 � 41.59 447.65 � 50.47

a *Value is higher signicantly from control (ibuprofen) (P < 0.05), **value is higher signicantly from control (ibuprofen) (P < 0.001). b Data
reported in ref. 17.
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where % permeated dose [IBU]salts is the amount of IBU, used in
the form of salt, expressed in % applied IBU dose, that has
permeated the skin, % permeated dose [IBU]acid is the amount
of IBU, used in the form of unmodied acid, expressed in %
applied IBU dose, that has permeated the skin. The results were
presented in Fig. 2 and 3, respectively for buffers of pH 5.4 and
7.4 as the acceptor phase. The % permeated dose of IBU aer
24 h permeation of free acid and its salts with L-valine esters
from different vehicles into different acceptor phase were pre-
sented in ESI (see ESI, Table S6†).

The relative percentage differences in IBU skin accumulation
(RDSA) in each vehicle (MeOH, EtOH, iPrOH) and pH value of
the acceptor phase were calculated as follows:

RDSA ð%Þ ¼

% accumulated dose ½IBU�salts �% accumulated dose ½IBU�acid
% accumulated dose ½IBU�acid

� 100%
Fig. 2 The relative percentage differences in skin permeation of
ibuprofen in the form of salt versus the parent acid form from different
alcohols (yellow – methanol; orange – ethanol; green – isopropanol)
(buffer pH 5.4 as the acceptor phase).

This journal is © The Royal Society of Chemistry 2020
where % accumulated dose [IBU]salts is the amount of IBU, used
in the form of salt and expressed in % applied IBU dose, that
has accumulated in the skin, % accumulated dose [IBU]acid is
the amount of IBU, used in the form of unmodied acid and
expressed in % applied IBU dose, that has accumulated in the
skin. The results were presented in Fig. 4 and 5, respectively for
buffers of pH 5.4 and 7.4 as the acceptor phase. The % accu-
mulation dose of IBU aer 24 h permeation of free acid and its
salts with L-valine esters from different vehicles into different
acceptor phase were presented in ESI (see ESI, Table S7†).

As shown in Fig. 2 and 3, the application of L-valine ester
ibuprofen salts in each of the alcohol solutions as vehicles led to
a signicant increase in the skin permeation of ibuprofen in
comparison to ibuprofen applied in the acid form in the same
vehicle. However, the highest RDSPs were found in methanol
and ethanol solutions. When buffer pH 5.4 was used as the
acceptor phase, high RDSP values, above 100% were found in
permeation test from ethanol solution as a vehicle for [ValOiPr]
[IBU] and both methanol and ethanol solution for [ValOPr][IBU]
and [ValOBu][IBU]. However, when buffer pH 7.4 was used as
Fig. 3 The relative percentage differences in skin permeation of
ibuprofen in the form of salt versus the parent acid form from different
alcohols (yellow – methanol; orange – ethanol; green – isopropanol)
(buffer pH 7.4 as the acceptor phase).
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Fig. 4 The relative percentage differences in skin accumulation of
ibuprofen (expressed as % IBU applied dose) in the form of salt versus
the parent acid form from different alcohols (yellow – methanol;
orange – ethanol; green – isopropanol) (buffer pH 5.4 as the acceptor
phase).

Fig. 5 The relative percentage differences in skin accumulation of
ibuprofen (expressed as % IBU applied dose) in the form of salt versus
the parent acid form from different alcohols (yellow – methanol;
orange – ethanol; green – isopropanol) (buffer pH 7.4 as the acceptor
phase).
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acceptor phase, RDSP above 100% were observed from meth-
anol solution as vehicle for [ValOPr][IBU], [ValOiPr][IBU],
[ValOBu][IBU] and [ValOAm][IBU] and from ethanol for [ValOPr]
[IBU] and [ValOiPr][IBU]. The highest relative percentage
difference in skin permeation was observed for [ValOPr][IBU]
(RDSP 170%) and [ValOiPr][IBU] (RDSP 180%) in the system of
methanol/buffer pH 5.4 and methanol/buffer pH 7.4 respec-
tively. The lowest RDSP values, below 50%, were found in
permeation test, from different alcohols as vehicles, for
a combination of ibuprofen with the shortest (methyl and ethyl)
and longest (heptyl and octyl) alkyl esters of L-valine. Particu-
larly low differences in the increase of permeation of salts in
relation to parent acid (RDSP values 5–25%), were determined
when i-PrOH was used in the donor phase. RDSP values below
zero for [ValOOct][IBU] mean that ibuprofen has permeated
with a lower dose when used as [ValOOct][IBU] than as
unmodied acid.

As shown in Fig. 4 and 5 the accumulation of ibuprofen was
higher for all salts in relation to parent acid applied onto the
skin. But the highest relative percentage differences in IBU skin
accumulation (RDSA) were found for methanol and ethanol as
41734 | RSC Adv., 2020, 10, 41727–41740
vehicles. Comparing data presented in Fig. 4 with data for the
same salt and vehicle in Fig. 6, the higher RDSA values were
observed for buffer pH 5.4 than pH 7.4 as the acceptor phase.
This means that at a higher pH of the acceptor phase, the
differences in the accumulation of ibuprofen as salt and
unmodied acid are smaller than at a lower pH. This may be
due to the better solubility of ibuprofen and the smaller
differences between the solubility of ibuprofen and its salts at
higher pH.17 When buffer pH 5.4 was used as the acceptor
phase, the highest RDSA values (above 150%) were found in
skin permeation of [ValOPr][IBU], [ValOiPr][IBU] from ethanol
and [ValOBu][IBU] and [ValOAm][IBU] from methanol.

The proles of ibuprofen permeation expressed in % of
applied IBU dose are presented in Fig. 6 and compared for
ibuprofen and its salts from different alcohols. All solutions
permeated 5–15% of their drug content aer 24 h. As can be
seen from Fig. 6, the permeation of ibuprofen from each vehicle
was biphasic, with an initial faster permeation followed by
a period of slow-permeation. All solutions showed a slowdown
permeation of ibuprofen aer 4–5 h. The application of salts
gives higher amounts of the permeated ibuprofen than the use
of unmodied ibuprofen. For the acceptor phase of pH 7.4
aer 24 h, between 6.51% and 14.59% (isopropanol solution);
6.85% and 13.55% (ethanolic solution) and 6.36% and 13.23%
(methanolic solution) of ibuprofen was permeated to the
acceptor phase, while for unmodied ibuprofen for only 7.60;
6.60 and 4.59%, respectively. Similarly, in the case of the
acceptor phase with pH 5.4 aer 24 h, it was between 6.27%
and 12.49% (isopropanol solution); 6.24% and 11.10% (etha-
nolic solution) and 6.31% and 12.13% (methanolic solution)
of ibuprofen were permeated to the acceptor phase, while for
unmodied ibuprofen for only 6.72; 4.81 and 4.38%, respec-
tively (see ESI, Table S6†). The proles of ibuprofen perme-
ation are very useful to obtain the permeation parameters such
as the steady-state permeation ux, the diffusion coefficient,
and the time required to reach steady-state permeation (lag
time).
Permeation parameters

The maximum ux through the skin may occur at a pH where
ibuprofen ionization is high, therefore the optimum topical
formulations may not be for the free acid moiety. The total ux
will result from diffusion of both the ionized and unionized
species.23,24 The maximum ux is the function of the perme-
ability coefficient and solubility of the penetrant. The solubility
oen increases more than the permeability decreases with the
increasing ionization of drug.

The uxes of the ten penetrants across pig epidermis from
the three vehicles into acceptor uid with two different pH were
established. A summary of the permeability parameters (steady-
state uxes, permeability coefficients, and lag time for the
permeation of ibuprofen and its salts from methanolic, etha-
nolic and isopropanolic solution into acceptor phase at pH 7.4)
for ibuprofen and its derivatives from different vehicles is
shown in Table 6 (results from acceptor uid at pH 7.4) and
Table 7 (pH 5.4). Lag time (LT) was determined by extrapolating
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 The comparison of in vitro permeation profiles for different [ValOR][IBU] frommethanol (a and b), ethanol (c and d), and i-propanol (e and
f) solution to buffer solution of pH 5.4 (b, d and f) or 7.4 (a, c and e) as the acceptor phase.
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the equation. The steady-state uxes (JSS) of ibuprofen and its
derivatives through the skin were calculated from the slope of
the plot of cumulative mass in the acceptor phase over time and
were expressed as the amount active ibuprofen per skin area
and time (mg IBU cm�2 h�1). In all solvent used, the highest rate
of permeation of ibuprofen by connecting it with [ValOMe][IBU]
and was 26.42, 27.82, and 33.10 mg IBU cm�2 h�1 in the system
of methanol, ethanol, and isopropanol/buffer pH 7.4 respec-
tively, and was 33.24, 25.12 and 31.70 mg IBU cm�2 h�1 in the
system of methanol, ethanol, and isopropanol/buffer pH 5.4
respectively.

This derivative showed the fastest permeation of the skin.
Moreover, the permeability coefficient (KP), equal to the diffu-
sion coefficient divided by the width of the membrane
expressed in units of cm s�1 was also determined. This
This journal is © The Royal Society of Chemistry 2020
coefficient is a quantitative measure of the rate at which
a molecule can cross a skin. Comparing these values, the best
medium is generally isopropanol. The pH of the acceptor uid
also affects the KP value. Usually, these substances penetrate
better into the acceptor uid with a higher pH. Best permeation
parameters including the highest permeation coefficient and
the highest steady-state ux have [ValOMe][IBU] which pene-
trated fromMeOH to acceptor at pH 5.4, and the lowest [ValOEt]
[IBU] which penetrated from iPrOH to acceptor at pH 7.4. The
KP values were 3.6 and 1.2 times higher, and JSS values were 2.2
times higher and 1.5 times lower, respectively. The lag time is
especially higher than ibuprofen for derivatives containing
a long (C6–C8) or short (C1) alkyl-chain in the ester group. No
relationship was found between the structure of the analyzed
compound and permeation parameters.
RSC Adv., 2020, 10, 41727–41740 | 41735
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Table 6 Measured parameters characterizing ibuprofen and its salts transport across porcine SC in vitro, after application of methanolic,
ethanolic or isopropanolic solution into acceptor fluid pH 7.4

Compound

MeOH, pH 7.4 EtOH, pH 7.4 iPrOH, pH 7.4

JSS, mg
IBU cm�2 h�1

KP � 103,
cm h�1 LT, h

JSS,
mg IBU cm�2 h�1

KP � 103,
cm h�1 LT, h

JSS,
mg IBU cm�2 h�1

KP � 103,
cm h�1 LT, h

IBU 16.45 1.61 0.69 15.83 1.58 0.49 26.28 2.57 0.34
[ValOMe][IBU] 26.42 5.40 2.25 27.82 4.52 1.90 33.10 4.29 1.62
[ValOEt][IBU] 17.91 3.00 0.97 17.63 2.99 0.87 18.25 2.66 0.77
[ValOiPr][IBU] 18.24 3.37 1.07 20.41 3.56 0.42 27.58 4.18 0.77
[ValOPr][IBU] 17.14 2.83 0.05 19.36 3.41 0.50 30.66 5.39 0.94
[ValOBu][IBU] 14.59 2.60 0.02 17.18 3.03 0.54 33.15 6.05 0.88
[ValOAm][IBU] 17.29 3.30 0.45 14.88 2.72 0.70 18.59 3.48 0.47
[ValOHex][IBU] 17.20 3.35 1.37 14.32 2.77 0.48 30.94 5.86 1.56
[ValOHept][IBU] 24.12 4.38 2.19 20.95 4.92 2.08 19.52 3.96 1.63
[ValOOct][IBU] 14.11 2.95 2.09 17.34 3.65 1.95 28.13 5.93 2.36
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Experimental section
Materials

All reagents were commercially available materials and were
used without further purication. (RS)-Ibuprofen (99%) was
obtained from Acros Organics (Geel, Belgium). L-Valine ($99%)
was purchased from Carl Roth (Karlsruhe, Germany). Trime-
thylsilyl chloride ($99%) (TMSCl) was provided by Sigma-
Aldrich (Steinheim am Albuch, Germany). Methanol (MeOH),
ethanol (EtOH), propan-2-ol (iPrOH), propan-1-ol (PrOH),
butan-1-ol (BuOH), pentan-1-ol (AmOH), hexan-1-ol (HexOH),
heptan-1-ol (HeptOH), acetic acid, potassium chloride, sodium
chloride, orthophosphoric acid (98%), diethyl ether was high
purity obtained from Chempur (Gliwice, Poland). Ammonium
hydroxide solution 25% (NH3$H2O) was of analytical grade
purchased from StanLab (Lublin, Poland). Acetonitrile
($99.9%) for HPLC gradient grade and n-octanol ($99%) were
provided by Sigma-Aldrich (Steinheim am Albuch, Germany).
Disodium hydrogen phosphate dihydrate ($99%) (Na2HPO4-
$2H2O), disodium hydrogen phosphate dodecahydrate (99%)
(Na2HPO4$12H2O) were provided by Fisher Bioreagents
Table 7 Measured parameters characterizing ibuprofen and its salts t
ethanolic or isopropanolic solution into acceptor fluid pH 5.4

Compound

MeOH, pH 5.4 EtOH, pH

JSS,
mg IBU cm�2 h�1

KP � 103,
cm h�1 LT, h

JSS,
mg IBU cm

IBU 15.43 1.53 1.00 16.92
[ValOMe][IBU] 33.24 5.46 2.29 25.12
[ValOEt][IBU] 16.27 2.78 0.94 17.88
[ValOiPr][IBU] 27.66 4.91 0.96 19.98
[ValOPr][IBU] 19.90 3.55 0.81 20.36
[ValOBu][IBU] 17.55 3.27 1.26 15.45
[ValOAm][IBU] 17.61 3.45 1.26 17.22
[ValOHex][IBU] 13.06 2.57 0.62 15.99
[ValOHept][IBU] 19.61 4.02 2.20 26.83
[ValOOct][IBU] 19.60 4.14 2.86 15.82

41736 | RSC Adv., 2020, 10, 41727–41740
(Pittsburgh, Pennsylvania, USA) and sodium dihydrogen phos-
phate anhydrous (98%) (NaH2PO4) was obtained from Acros
Organics (Geel, Belgium). Potassium dihydrogen phosphate
anhydrous (99%) was obtained from Merck (Darmstadt, Ger-
many). Deuterated chloroform (CDCl3) (99.8%) (+0.03% TMSCl)
was purchased from Eurisotop (Cheshire, England).
Synthesis of the ibuprofen derivatives

General procedure for preparation of L-valine alkyl ester
ibuprofenate ([ValOR][IBU]). The conjunctions of L-valine alkyl
esters and ibuprofen were obtained according to the previously
described method based on three-steps synthesis (Scheme 1).17

General procedure for obtaining the L-valine alkyl esters
hydrochlorides (ValOR$HCl) include esterication and hydro-
halogenation reactions of L-valine using alkyl alcohol such as
methanol, ethanol, propan-2-ol, propan-1-ol, butan-1-ol,
pentan-1-ol, hexan-1-ol, heptan-1-ol, and octan-1-ol and as
hydrochloride agent – trimethylsilyl chloride (TMSCl). Two
molar excess of TMSCl was used. The reaction was carried out at
60 �C for 24 h. The product was puried by distillation followed
ransport across porcine SC in vitro, after application of methanolic,

5.4 iPrOH, pH 5.4

�2 h�1
KP � 103,
cm h�1 LT, h

JSS,
mg IBU cm�2 h�1

KP � 103,
cm h�1 LT, h

1.69 1.22 25.34 2.47 0.56
4.10 1.68 31.70 5.15 2.09
3.03 1.24 17.23 2.92 1.10
3.52 0.50 25.02 4.41 0.91
3.51 0.79 25.92 4.57 0.84
2.72 1.01 27.66 4.97 0.89
3.14 1.16 19.92 3.72 1.08
3.01 0.97 24.11 4.64 0.89
5.45 2.41 28.45 5.80 2.46
3.35 1.84 23.97 5.04 2.15

This journal is © The Royal Society of Chemistry 2020
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by washing with diethyl ether and drying at 60 �C under
vacuum. In the next step obtained L-valine alkyl esters hydro-
chlorides were neutralized by the addition of one to three molar
equivalents of 25% ammonium hydroxide aqueous solution.
The received product was separated from the reaction mixture
by extraction with diethyl ether. The organic layer was dried
using anhydrous Na2SO4 and then concentrated under vacuum
to receive L-valine alkyl ester (ValOR). Next, the equimolar
reaction of ValOR with ibuprofen was carried out in chloroform
at room temperature for 20 minutes. The solvent has been
evaporated then under vacuum at 30 �C. The crude product was
puried by recrystallization from ethanol. The obtained
precipitate was ltered and dried in a vacuum oven at 60 �C for
24 h.
General analytical methods

Nuclear magnetic resonance spectroscopy (NMR). The NMR
spectra were recorded with Bruker DPX-400 spectrometer (Bill-
erica, MA, USA) at 400 MHz (1H) and 100 MHz (13C) in CDCl3 as
a solvent. The chemical shis (d, ppm) are given relative to TMS
used as an internal standard.

Total reectance – Fourier transform infrared spectroscopy
(ATR-FTIR). The FTIR data were collected on Thermo Scientic
Nicolet 380 spectrometer (Waltham, MA, USA) equipped with an
ATR diamond plate. The spectra were recorded in transmission
mode in a range of 4000 to 400 cm�1 at the resolution of 4 cm�1.

UV-vis spectroscopy. UV-vis spectra were recorded on
Spectroquant® Pharo 300 Spectrophotometer from Merck
(Darmstadt, Germany). The solutions were prepared in absolute
ethanol of concentration range 10�4 to 10�5 mol dm3. The
measurements were performed in a 10 mm quartz cell in the
wavelength range of 190–400 nm with an accuracy of �1 nm.

Elemental analysis. The determination of elemental
composition was carried out on Thermo Scientic™ FLASH
2000 CHNS/O Analyzer (Waltham, MA, USA). 2,5-Bis(5-(tert-
butyl)-2-benzo-oxazol-2-yl)thiophene, L-cysteine, L-methionine,
and sulphanilamide were used as standards in CHNS-mode and
acetanilide and benzoic acid were used for calibration in O-
mode respectively. The samples were prepared in a tin (CHNS
analysis) or silver (O analysis) crucibles and were weighed with
an accuracy of �0.000001 g.

Thermogravimetric analysis. Thermogravimetric (TG) anal-
ysis of compounds was conducted with thermomicrobalance
TG 209 F1 Libra® from NETZSCH (Selb, Germany). Samples
were loaded in Al2O3 crucible and heated from 25 �C to 1000 �C
at 10 �C min�1 in the air (25 cm3 min�1) with nitrogen ow (10
cm3 min�1) as the purge gas.

Differential scanning calorimetry (DSC). The crystallization
and melting behavior of the compounds were characterized by
Differential Scanning Calorimetry (DSC) by the use of TA
Instruments, model Q-100 DSC (New Castle, DE, USA). The
measurements were carried out under a nitrogen atmosphere
using approximately 10 mg of sample loaded in aluminum pans
with a pierced lid. Before heating scans, the sample was cooled
from 20 �C to 0 �C. The sample was then heated from 0 �C to set
temperature, cooled to 0 �C, and again heated to the specied
This journal is © The Royal Society of Chemistry 2020
temperature. The specied temperature was deemed as indi-
vidual value for each compound and set at least 10 �C lower
than the onset decomposition temperature (based on TG anal-
ysis). The rate of heating/cooling/heating was 10 �C min �1.
Indium and mercury were used as standards to calibrate the
temperature. Heat calibration used indium.

Specic rotation. The measurement of specic rotation
[a]20D were performed on AUTOPOL IV Polarimeter from
Rudolph Research Analytical (Hackettstown, NJ, USA). The
concentrations of compounds were 0.01 g cm�3 in ethanol as
a solvent. The angular rotation was determined at the accuracy
of 0.001� at 20 � 0.1 �C.

Solubility. The solubility of novel ibuprofen salts in
conventional organic solvents (polar and nonpolar) have been
evaluated following the modied Vogel method at the temper-
ature of 25 �C.47 For this purpose, dimethyl sulfoxide, ethanol,
chloroform, ethyl acetate, diethyl ether, toluene, and n-hexane
were used as solvents. The compounds were classied as
soluble, partially soluble, and insoluble, based on the amount
of compound dissolved in 1 cm�3 of proper solvent.

The solubility of ibuprofen and L-valine alkyl ester salts was
evaluated in deionized water and phosphate buffers (pH 5.4 and
7.4) at 25 �C and phosphate buffers at 32 �C. The saturated
solutions were prepared by adding the access of the substance
to 2 cm3 proper solvent in the screwed vial. The mixture was
stirred vigorously at 25.00 � 0.05 �C or 32.00 � 0.05 �C, for 24
hours and subsequently centrifuged at the respective tempera-
ture. The liquid above was separated and diluted. The concen-
tration of the substance was determined by HPLC method.
Permeation and skin accumulation studies

Chromatographic conditions. Liquid chromatography
system (Knauer, Berlin, German) in skin permeation experi-
ments for determination of compounds concentration in
acceptor uid and accumulation in the skin is a complex,
modular system consisting of the following units: WellChrom
model K1001 pump, model EuroChrom 2000 integrator,
a Rheodyne model 7125 injector, model K2600 UV detector.
Ibuprofen and its salts were analyzed on the Hypersil ODS (C18)
column, 125 � 4.0 mm i.d., particle size 5 mm (Thermo Scien-
tic™Waltham, MA, USA). The mixture of acetonitrile – 1% (w/
w) aqueous solution of acetic acid – methanol (45/45/10, v/v/v)
was used as a mobile phase with 1.0 cm3 min�1

ow rate. The
column temperature was set at 25 �C, and the injection volume
was 20 mm3. The signals were monitored at 264 nm. Quanti-
tation was achieved by measurement of the peak area using
a calibration curve method. Injections were repeated at least
three times for each sample and the results were averaged.

Preparation of pig skin. In the in vitro penetration experi-
ments, an abdomen, porcine skin was used due to its similar
permeability to human skin.49,50 Numerous histopathological
studies conrmed its similarity to human skin.65,66 The fresh
skin was washed with PBS buffer (pH 7.4) several times. Aer
drying, dermatome section skin 0.5 mm thick was prepared
(Humby Dermatome, Surtex Instruments, New Malden,
England). The samples of skin were wrapped in aluminum foil
RSC Adv., 2020, 10, 41727–41740 | 41737
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and stored in a deep freezer at �20 �C until use not longer than
3 months. This time of frozen was safe to keep skin barrier
properties.67,68 On the day of the experiment, the skin samples
were slowly thawed at room temperature to 30 min and cut into
appropriate pieces 2 cm � 2 cm and were hydration by PBS
buffer pH 7.4.60,69,70 The undamaged skin pieces (checked by
measuring skin impedance) with an even thickness were chosen
for the experiment.

In vitro skin permeation studies. The skin permeability for
ibuprofen and its derivatives was studied in vitro by using Franz
diffusion cell (SES GmbH Analyse Systeme, Germany) with
a diffusion area of 1 cm2. The acceptor chamber was lled with
the 0.1 mol dm�3 buffer solution of two different pH values 5.4
and 7.4. The volume of the acceptor chambers was 8 cm3 and
the volume of the donor chamber was approximately 2 cm3. The
temperature of the acceptor chamber of each cell was main-
tained of 32 � 0.5 �C71 via thermostat (VEB MLW Prüfgeräte-
Werk type of 3280). The content of the acceptor chamber was
mixed with a magnetic stirrer. The diffusion cells were allowed
to equilibrate at 32 �C for 15 minutes. Once reached equilib-
rium, the donor chamber was lled with 0.500 cm3 of the tested
compound solution in 70% (v/v) either ethanol, methanol, or
isopropanol. The concentration of the compound in this solu-
tion was 0.01 g cm�3. The undamaged skin pieces were placed
between the donor and acceptor chamber of Franz diffusion
cells, then integrity has been checked. The skin samples were
mounted in the diffusion cells in such a way that the stratum
corneum side faced the donor chamber.72

The experiment was carried for 24 hours. At each time point
(0.5 h, 1 h, 2 h, 3 h, 4 h, 5 h, 8 h, and 24 h) 0.300 cm3 samples of
receptor solution were withdrawn and the chamber relled with
fresh buffer at the same pH. The drug concentration in the
acceptor phase was measured by the HPLC method. The
cumulative mass (mg cm�2) was calculated based on this
concentration. The steady-state ux – JSS (in mg cm�2 h�1) of the
active drug – ibuprofen and its derivatives through the skin into
acceptor uid was determined as the slope of the plot of
cumulative mass in the acceptor uid versus time. Within the
steady-state period, the ux is constant and can be determined
as the slope of the linear regression of the permeated amount in
the function of time. The diffusion coefficients (KP) were
determined by the following equation using Fick's law of
diffusion:

KP ¼ Jss

Cd

Cd was the initial drug concentration in the donor chamber.
Determination of ibuprofen and its derivatives concentra-

tion in the skin. Aer 24 hours experiment, each skin sample
was removed from the Franz diffusion cell and carefully rinsed
in PBS pH 7.4.71 The skin was then cut around the diffusional
area (1 cm2) and dried at room temperature. Next samples of
skin were cut into very small pieces,69 placed in 2 cm3 of
methanol, and incubated for 24 h at 4 �C. Aer this time skin
samples were homogenized for 3 minutes using a homogenizer
(IKA®T18 digital ULTRA TURRAX, Germany). The homogenate
was centrifuged at 3500 rpm for 5 min. The supernatant was
41738 | RSC Adv., 2020, 10, 41727–41740
collected and analyzed using HPLC to determine a concentra-
tion of ibuprofen.

Accumulation of the ibuprofen in the skin was calculated by
dividing the amount of the drug remaining in the skin by
a mass of skin sample and was expressed in mass of ibuprofen
per mass of the skin (mg g�1).

Skin electrical impedance. The measurements of skin elec-
trical impedance were performed with an LCR meter 4080
(Voltcra LCR 4080, Conrad Electronic, Germany), which was
operated in parallel mode at an alternating frequency of 120 Hz
(error at kU values < 0.5%). The tips of measuring probes were
immersed in donor and acceptor chamber, lled with PBS
buffer (pH 7.4).71 Skin samples with skin impedance of above 3
kU, which is a value like to the electrical resistance for human
skin68 were used to the experiment.

Conclusions

The ionic pairs of ibuprofen with the biocompatible counter-
ions of L-valine alkyl ester, where the alkyl chain was between
methyl and octyl, have better penetration through porcine skin
compared to the starting acid. It was noticed that different
vehicles and pH of the acceptor phase have inuences on
ibuprofen transport through porcine skin. Permeability tests
through porcine skin have shown that [ValOiPr][IBU] shows the
best ibuprofen permeability, regardless of the vehicle used. This
study showed that newly developed ibuprofen modications
could be promising active ingredients into formulations
applied to the skin and employed as an ideal alternative to
commercial ibuprofen. No relationship was found between the
solubility of ibuprofen and its L-valine derivatives in water and
phosphate buffers and skin accumulation.
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50 C. Géniès, E. L. Jamin, L. Debrauwer, D. Zalko, E. N. Person,
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