
Vol.:(0123456789)1 3

Journal of Inclusion Phenomena and Macrocyclic Chemistry (2019) 93:309–321 
https://doi.org/10.1007/s10847-018-00876-5

ORIGINAL ARTICLE

Interaction of native cyclodextrins and their hydroxypropylated 
derivatives with parabens in aqueous solutions. Part 1: evaluation 
of inclusion complexes

André Rodrigues Sá Couto1 · Sara Aguiar1 · Alexey Ryzhakov1 · Kim Lambertsen Larsen2 · Thorsteinn Loftsson1

Received: 26 July 2018 / Accepted: 13 December 2018 / Published online: 18 January 2019 
© Springer Nature B.V. 2019

Abstract
Due to their antimicrobial activity, parabens (i.e. alkyl esters of p-hydroxybenzoic acid) are widely used as preservatives in 
several industries (pharmaceutical, food, cosmetic). Although being extremely effective, their usage is hampered by their 
low aqueous solubility. Several formulation strategies can be applied to enhance their solubility, one of which is formation 
of water-soluble cyclodextrin (CD) complexes. Formation of inclusion complexes has been proved to be a good approach 
to increase solubility of lipophilic drugs and other active ingredients. Some research has been done in this field. However, 
a complete and comprehensive study on how the alkyl chain length of parabens influences the complex formation, aggrega-
tion and formation of insoluble complexes is still lacking. Phase-solubility studies showed that all the very water-soluble 
hydroxypropylated CDs form linear (AL) type phase-solubility profiles with all tested parabens. The poorly soluble βCD did 
also form AL-type profiles with methyl and ethyl paraben while the βCD complexes of propyl and butyl paraben have limited 
solubility in water and, thus displayed B-type profiles. The paraben complexes of αCD and γCD all had limited solubility in 
water and, thus, displayed B-type phase-solubility profiles. Fourier-transformed infrared spectroscopy, Differential scanning 
calorimetry and X-ray powder diffraction were applied to elucidate the nature of the solid phases from the phase-solubility 
studies. They consistently showed the presence of solid pure paraben over the CD concentration range studied when AL-type 
profiles were observed, and precipitation of poorly soluble paraben/CD complexes when B-type were observed (i.e. during 
and after the B-type plateau region). These studies demonstrate that the composition of solid phases is related to the type of 
phase-solubility profile. It was also shown that in aqueous CD solutions, paraben solubilization increase with increasing side 
chain length (i.e. methyl < ethyl < propyl < butyl), as well as, with increasing size of the CD cavity (i.e. αCD < βCD < γCD). 
This statement is valid for linear region of phase-solubility diagrams (i.e. A- and B-type).
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Introduction

Alkyl esters of p-hydroxybenzoic acid (so called parabens) 
are commonly used as preservatives in the cosmetic, food and 
pharmaceutical industry [1, 2]. However, their use is hampered 
by their very low aqueous solubility [3–5]. To overcome these 
limitations several approaches can be used, one of which is the 
formation of cyclodextrin (CD) complexes [6–8]. The ability 
of CDs to form water-soluble complexes and their very favora-
ble toxicological profile has made them versatile and useful 
solubilizing excipients [5, 9, 10]. In aqueous solutions, CDs 
are able to solubilize many hydrophobic drugs through inclu-
sion complex formation, by including a lipophilic moiety of 
the drug molecule into the central cavity of the CD or by for-
mation of non-inclusion complexes [4, 6]. However, in some 
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cases, interaction of guest molecules with CD can decrease 
their apparent aqueous solubility, leading to the precipitation 
of drug/CD complexes at certain drug/CD ratio and thus limit-
ing their usage [11].

Interaction of parabens with native CDs [3, 5, 12–16] 
and their derivatives [4, 17–22] has been studied previously. 
However, a comprehensive and systematic understanding of 
CDs behavior regarding complex formation, aggregation and 
formation of insoluble complexes with parabens and other 
guest molecules in general is still missing. Here we present a 
systematic study of how the parent CDs and their hydroxypro-
pylated derivatives solubilize various parabens (Fig. 1). We 
address how the diameter of the CD cavity affects the com-
plexation, how the parabens affect CD solubility in aqueous 
media, and the composition of the solid phase formed. The 
solid phases from various phase-solubility studies were used 
to identify and characterize the different stages of the para-
ben/CD systems through analytical techniques that include 
fourier transformed infrared spectroscopy (FTIR), differen-
tial scanning calorimetry (DSC) and X-ray powder diffrac-
tion (XRPD). Characterization of the solid phase reveals its 
composition, solubility and crystalline structure.

Materials and methods

Materials

The unsubstituted native α-cyclodextr in (αCD), 
β-cyclodextrin (βCD) and γ-cyclodextrin (γCD), as well 
as, 2-hydroxypropyl-βCD (HPβCD) DS 4.2 (MW 1380), 
were kindly provided by Janssen Pharmaceutica (Beerse, 
Belgium). 2-Hydroxypropyl-αCD (HPαCD) with degree 
of substitution 3.6 (MW 1180) and 2-hydroxylpropyl-γCD 
(HPγCD) DS 4.2 (MW 1540) were purchased from Wacker 
Chemie (Burghausen, Germany). Methyl- (MP), ethyl- (EP), 
propyl- (PP), and butyl- (BP) paraben were kindly provided 
by Janssen Pharmaceutica (Beerse, Belgium). Milli-Q water 
(Millipore, Billerica, MA) was used to prepare CD solutions 
and mobile phases. The solvent used for analysis (acetoni-
trile) was of HPLC grade and obtained from Sigma-Aldrich 
(St. Louis, Missouri, USA).

Cyclodextrin solutions preparation

Aqueous stock solutions of CDs were prepared by sonication 
in a sonication bath at 60 °C for 60 min and then the solutions 
were allowed to cool to room temperature. The test solutions 
were prepared by dilution of these stock solutions. The CD 
concentration range depended on the intrinsic solubility of 
CD being tested. The parabens were chemically stable during 
the preparation of the test solutions and their storage.

Quantitative determination of CD/paraben samples

A reverse-phase ultra high-performance liquid chromatogra-
phy system (UHPLC) from Dionex Softron GmbH (Germer-
ing, Germany) was used for quantification of CDs and para-
bens. The Ultimate 3000 series consisting of a LPG-3400SD 
pump with a built-in degasser, a WPS-3000 autosampler, a 
TCC-3100 column compartment, and a Corona® ultra RS 
detector. Phenomenex Kinetex C18 150 × 4.60 mm 5 µm 
column (stationary phase) with a matching HPLC Security 
Guard (Phenomenex, Cheshire, UK) were used. The mobile 
phase used consisted of acetonitrile and water (50:50). The 
flow rate was set to 1.0 mL/min and temperature of the col-
umn to 30 °C. The injection volume was 10 µL. Chroma-
togram were evaluated using Chromeleon version 7.2 SR4 
(ThermoFisher Scientific, MA, USA).

We are able to quantify the actual concentration of CDs 
present in solution after each experiment with the help of a 
Corona detector as described in our previous publications [5, 
23]. This constitutes a novelty to previous approach where 
theoretical CD concentrations were used to draw phase-
solubility diagrams.

Phase‑solubility experiments

An isothermal saturation method was used to get phase-
solubility profiles for the paraben/CD systems. An excess 
amount of the solid paraben (i.e. amount of paraben needed 
to assure the presence of solid phase at the equilibrium stage) 
to be tested and 3 mL of an aqueous CD solution of given 
concentration were added to each vial. The procedure was 
identical for all 6 CDs tested and the 4 parabens and each 
study was performed in triplicate. The suspensions formed 
were kept at 25 °C under constant stirring for 48 h. After 
equilibrium was attained the mixtures were centrifuged 
(3000 rpm/10 min) using Rotina 35R (Hetich Zentrifugen, 
Germany). The supernatants were filtered through 0.45 µm 
Phenex-RC filters (Phenomenex, Cheshire, UK) and diluted 
with Milli-Q water before they were analyzed by UHPLC. 
Solid phases were collected and allowed to dry at 35 °C for 
two days and used for the solid-state analysis experiments 
(DSC, FTIR and XPRD).

Phase-solubility profiles were determined according to 
the method of Higuchi and Connors [24]. The apparent 
stability constant (K1:1, Eq. 1) and the complexation effi-
ciency (CE, Eq. 2) were determined from the slope of the 
linear phase-solubility diagrams (i.e. plots of the total drug 
solubility ([D]t) versus concentration of CD in liquid phase 
([CD]liq) in moles per liter) [25]:

(1)K1∶1 =
slope

S0 (1 − slope)
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where S0 is the intrinsic solubility of the respective paraben.
The maximum increase (in percentage) in apparent solu-

bility of paraben per mM of CD (increase in solubility, IS) 
for each paraben/CD system was calculated using Eq. 3:

where Parabenmax corresponds to highest solubility of com-
plex and CDmax the actual concentration of CD (measured in 
the liquid phase at equilibrium) needed to achieve it. These 
values were calculated and are valid for linear parts of the 
phase-solubility diagrams.

Fourier transformed infrared (FTIR) spectroscopy

FT-IR spectra of the raw materials (i.e. CDs and parabens) 
as well as solid phases from phase-solubility studies were 
recorded at room temperature on a Thermo Nicolet iZ10 
spectrometer (Thermo Scientific, Madison, USA) over the 
range of 600–4000 cm−1 with the resolution of 4 cm−1.

Differential scanning calorimetry (DSC)

The DSC thermograms were recorded on Netzsch DSC 214 
polyma (Netzsch GmbH, Germany). Samples of parabens/
CDs complex, pure native CDs and their hydroxypropylated 

(2)CE =
slope

1 − slope
=

[Dt]

[CDliq]
= K1∶1 × S0

(3)IS =
[Parabenmax] − [Paraben S0]

[Paraben S0] × [CDmax]

derivatives, as well as the dried solid phases from the phase 
solubility studies, were placed in closed pierced aluminum 
crucibles and an identical empty one used as reference. The 
samples were analyzed in the temperature range 25–200 °C 
at a rate of 10°/min under nitrogen atmosphere.

X‑ray powder diffraction (XRPD) studies

X-ray powder diffractometry (Empyrean, PANalytical) was 
used to identify the crystal structures present in the solid 
phases. Wide angle XRPD using CuKα radiation with the 
voltage and working current of 45 kV and 40 mA, respec-
tively, was employed. The scan speed, 2θ scan range and step 
size was set at 0.0691°/s, 4–55° and 0.013°, respectively. 
Native CDs, pure parabens (as received), solid phase of 
parabens submitted to solubility experiment (SE) and solid 
phases from phase-solubility experiments containing native 
CDs and parabens were tested.

Results and discussion

Phase-solubility studies of parabens with a wide range 
of cyclodextrins [4, 5, 12, 18, 20–22] reveal that we can 
expect two types of phase-solubility diagrams (i.e. A-type 
and B-type in Fig. 2) giving two phases (i.e. a liquid and a 
solid) after centrifugation.

Traditionally only the liquid phase is characterized and 
only with respect to the amount of guest (e.g., paraben) 
brought into solution. Thus, for the large majority of the 
available phase-solubility studies of guest molecule/CD 

Fig. 1   Schematic representation 
of native and hydroxypropylated 
CDs (a) and series of parabens 
(b) Native CDs 

Hydroxypropylated CDs 

Methyl paraben (MP) 
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interactions characterization of the solid phase and the 
amount of CD in solution has been omitted. Here we wish to 
correlate the composition of both the liquid and solid phase 
with the type of phase-solubility diagram obtained. For that 
purpose, we have utilized a UHPLC system equipped with 
a Corona detector allowing simultaneous quantification of 
both CD and parabens in one analysis for full characteriza-
tion of the composition of the liquid phase. This constituted 
one of the novelties of this work as contrarily to most publi-
cations in the field (which are based on theoretical CD con-
centration), our graphs and calculated parameters are based 
on liquid phase CD concentrations at equilibrium. In Fig. 3 
we can observe how different phase-solubility diagrams 
when they are represented by actual or theoretical CD con-
centrations. It is actually just valid for B-types as for A-types 
the theoretical and actual CD concentrations remain practi-
cally the same throughout the phase-solubility experiments.

The solid phases where characterized using a range of 
solid state characterization techniques (i.e. FTIR, DSC 
and XPRD). In general, the solid phases analyzed where 
selected at the highest CD concentration for the A-type pro-
files, while at least two CD concentrations were tested for 
the B-type profiles (i.e. before and after the plateau region).

Phase‑solubility studies

Formation of a paraben/CD complex normally enhanced 
the paraben solubility in aqueous media. To evaluate the 
paraben/CD interaction phase-solubility diagrams were 
constructed by plotting the concentration of CD in liquid 
phase (actual CD concentration) versus concentration of 
the dissolved paraben as determined by UHPLC (Figs. 4, 
5). From these diagrams the slopes were determined, 
using all the CD concentration range (for A-type dia-
grams) or just in the initial linear portion where actual and 
theoretical CD concentrations are coincident (for B-type 

Fig. 2   Paraben/CD systems. 
Expected composition of the 
liquid phase (CD: free CD; 
D: free drug up to S0 and 
CD/D: complex) formed upon 
centrifugation of the aqueous 
phase-solubility media. A-type 
phase-solubility profile (left) 
and B-type phase-solubility 
profile (right). LP: liquid phase; 
SP: solid phase

Fig. 3   Differences in obtained phase-solubility diagram for MP/γCD 
(BS-type profile) when theoretical (added) or actual (after equilib-
rium) γCD concentration in the liquid phase are used

Fig. 4   Representative phase-solubility profiles describing solubility 
of tested parabens in aqueous αCD, βCD and γCD solutions at 25 °C. 
Here only 4 out of 24 systems studied are shown. Symbols represent 
mean ± SD (n = 3)
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diagrams). Then apparent stability constants (K1:1) and 
the complexation efficiencies (CE) were determined from 
the slopes (Table 1). Previous studies showed that native 
CDs have low aqueous solubility in comparison to their 
hydroxypropylated derivatives and that the native CDs can 

self-assemble and form aggregates. This behavior will thus 
to some extent be an integral part of every phase-solubility 
profile and should be taken into consideration during their 
interpretation [26, 27].

Native cyclodextrins

Table 1 depicts that generally for aqueous native CD solu-
tions, all parabens displayed BS-type phase-solubility 
profiles. This means that the paraben/CD complexes have 
limited solubility in the aqueous complexation media. In 
fact, this is a common and already expected behavior of the 
unsubstituted CDs, due to relatively strong binding of the 
CD molecules in the crystal state and, consequently, their 
rather limited aqueous solubility.

Three characteristic regions in the BS-type profiles can be 
identified (Fig. 2). In the initial linear region, the increasing 
CD concentration promotes formation of water-soluble para-
ben/CD complexes that increase the total solubility of the 
parabens. The second region is where the maximum paraben 
solubility (the sum of free paraben and paraben in complex) 
is achieved. Finally, a third region is observed where all 
the solid paraben has been consumed and the increase of 
CD concentration results in formation of insoluble paraben/

Fig. 5   Representative phase-solubility profiles for HP-CDs obtained 
at 25 °C. Here only 4 out of 24 systems studied are shown. Symbols 
represent mean ± SD (n = 3)

Table 1   Type of profile, apparent stability constant (K1:1), complexation efficiency (CE) and percentage of paraben solubility increase per 1 mM 
of CD (IS) of the studied parabens in various aqueous paraben/CD complex solutions at 25°C

The phase solubility diagrams utilizing actual CD concentrations only differed significantly from the ones using theoretical CD concentrations 
for the B-type diagrams (i.e. at and beyond the plateau region). The initial linear part of the B-type phase-solubility diagrams (i.e. before the 
plateau region) showed negligible differences and so the Higuchi–Connors classification could be used [NA—not applicable; a—higher order 
complexes (i.e. drug2/CD, drug3/CD, etc.)]
AL linear phase-solubility diagram, BS phase-solubility diagram with linear initial increase, a plateau and a decreasing terminal solubility; and Bi 
phase-solubility diagram where the complex formed is practically insoluble in the complexation media displaying a plateau and then decreasing 
terminal solubility [24]

Cyclodextrin Methyl paraben Ethyl paraben

Type Slope K1:1 (M−1) CE IS Type Slope K1:1 (M−1) CE IS

αCD BS 1.152 a a 5.7 BS 0.457 193.2 0.84 10.5
βCD AL 1.255 a a 9.0 AL 0.882 1709 7.46 20.3
γCD BS 2.110 a a 10.4 BS 1.692 a a 39.1
HPαCD AL 0.569 67.3 1.32 2.6 AL 0.393 148.8 0.65 8.4
HPβCD AL 1.173 a a 5.8 AL 1.246 a a 28.6
HPγCD AL 3.069 a a 15.6 AL 1.384 a a 31.9

Cyclodextrin Propyl paraben Butyl paraben

Type Slope K1:1 (M−1) CE IS Type Slope K1:1 (M−1) CE IS

αCD BS 0.295 240.4 0.42 17.1 BS 0.275 701.3 0.38 49.9
βCD BS 0.764 1859 3.23 41.8 BS 0.713 4582 2.48 130.3
γCD Bi NA NA NA 46.6 Bi NA NA NA 37.7
HPαCD AL 0.286 230.2 0.39 15.9 AL 0.149 322.7 0.175 28.1
HPβCD AL 0.878 4139 7.19 50.5 AL 0.900 16,640 9.00 168.4
HPγCD AL 1.152 a a 66.6 AL 1.001 a a 185.8
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CD complexes. The only exceptions from this trend were 
observed for the MP/βCD and EP/βCD systems, where 
AL-type phase-solubility profiles were observed (probably 
due to the low solubility of βCD and, consequently, low 
βCD concentrations used in the experiments) and the PP/
γCD and BP/γCD systems that were of Bi-type phase-sol-
ubility profiles were observed (Fig. 4). The Bi-type profile 
is similar to the BS-type except that the formed complexes 
are so insoluble that they do not provide any increase in the 
paraben solubility [6].

The AL phase-solubility profile provides a linear increase 
of solubility with increasing CD concentration meaning that 
throughout all the concentration range, soluble complexes 
are formed.

In the case of MP and the native CDs, a slope greater 
than unity was registered. This may indicate that more than 
one MP molecule (i.e. paraben2/CD, paraben3/CD, etc.) is 
involved in the complex formation, aggregates have been 
formed or, in other words, that higher order complexes 
with respect to the paraben are being formed [6]. For the 
same reason, we observe in Table 1 that higher order com-
plexes were formed for the EP/γCD system. All remaining 
systems studied (native paraben/CD complexes) could be 
described using model assuming a simple 1:1 stoichiometry 
with slopes of less than unity. This is an indication that the 
complex formation follows a 1:1 stoichiometry, but not a 
definite proof. These observations correlates with previous 
findings [5].

The analysis of IS and slope values suggest that overall 
γCD was the best native CD to be used as solubilizer of 
parabens (overall both IS and slope values increased with 
increasing CD cavity size). Exception was registered for BP 
where βCD was the best option. Table 1 also shows that 
generally IS increased with increasing alkyl chain meaning 
that CDs are better solubilizing agents the larger the side 
chain of parabens is (MP < EP < PP < BP).

Hydroxypropylated cyclodextrins

As expected all the hydroxypropylated CDs (HP-CDs) tested 
were able to solubilize the parabens and the apparent solubil-
ity of MP, EP, PP and BP increases linearly with increasing 
CD concentrations regardless of CD cavity size (Table 1). 
All phase-solubility diagrams for the HP-CDs have straight 
lines exemplifying AL-type profiles (Fig. 5). Several authors 
have reported similar profile type results for HPβCD solubi-
lization of parabens [4, 20, 28] .

The phase-solubility profiles of all four parabens and 
HPαCD can be interpreted using a model assuming a simple 
1:1 stoichiometry. This also applied to the phase-solubility 
diagrams obtained with PP and BP and HPβCD.

However, both MP and EP gave phase-solubility profiles 
with slopes greater that unity with HPβCD. Furthermore, 

all four parabens with HPγCD gave phase-solubility pro-
files with slopes greater that unity. This also indicates that 
higher order complexes are being formed. As in the case of 
the native CDs, the maximum increase of apparent para-
bens solubility per mM of HP-CDs increased with increasing 
paraben lipophilicity (i.e. increasing side chain length) as 
well as with increasing CD diameter of central cavity (i.e. 
αCD < βCD < γCD).

Apart from the differences in their profiles, mainly 
BS-type for native CDs and AL-type for their HP derivatives, 
latter ones showed slope and IS values quite similar to the 
native CDs showing that they were not so much better solu-
bilizing agents for all the parabens tested (except the case of 
BP/γCD and BP/HPγCD were difference is considerable). 
In fact, αCD provided greater IS values than HPαCD. In 
spite of this it should be emphasized that HP-CDs provide a 
greater concentration range and allow for higher concentra-
tions of dissolved parabens.

Fourier transform infrared spectroscopy (FTIR)

FTIR was used to elucidate the interaction between para-
bens and CDs, as shifts of the vibrational wavelengths of the 
components due to presence of inclusion complexes could 
be expected [29]. The IR data from solid phases from the 
phase-solubility studies are summarized in Table 2 and some 
examples are shown in Figs. 6 and 7.

The spectrum of each paraben (solid phase collected from 
the solubility experiments: SE) was determined and char-
acteristic peaks selected: around 3300/3200 cm−1 (O–H); 
≈ 3000 cm−1 (phenyl group); ≈ 1680 cm− 1 (C=O) and 
finally ≈ 770 cm−1 (C–H) [30]. These were used as reference 
peaks and compared against spectra obtained for all tested 
systems. Changes in these characteristic bands, either by 
disappearing/shifting or reducing their intensity, can reveal 
an interaction between CD and paraben with formation of a 
new compound (e.g., inclusion complexes).

Due to the extensive number of samples, one representa-
tive CD concentration point was analyzed in the case of 
A-type systems (highest CD concentration point) while for 
the B-type system two CD concentrations points were used 
(before and after plateau region).

Native cyclodextrins

Figure 6 shows representative FTIR spectra of the evalu-
ated systems but it confers the trend of all studied samples 
(Table 2). At the top are spectra for a BS-type system (MP/
αCD 1%) and for an AL-type (MP/βCD 1.5%). Comparing 
them with reference materials (MPSE, αCD and βCD) it is 
observed that both solid phases are dominated by MP (i.e. no 
detectable MP/βCD complexes are present), as their spectra 
are identical to the one of MP and no characteristic bands 
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from CDs are visible. However, the MP/αCD system is dif-
ferent. As shown in Table 2, the second studied point for 
this system (MP/αCD at 10% αCD, immediately after the 
plateau region) showed slight shifts of characteristic paraben 
peaks, most likely due to the presence of αCD or insoluble 
MP/αCD complex.

Lower section of Fig. 6 shows FTIR spectrum of a Bi-
type system (PP/γCD at 10% γCD, after plateau) and some 
differences of the characteristic PP peaks are noticed when 
compared to the reference (PPSE). At this stage the PP/CD 
ratio is extremely low so it might occur that in this spectrum 

Table 2   The Fourier transform infrared (FTIR) spectra: positions (cm−1) of most characteristic peaks for reference parabens (SE) and solid 
phases from phase-solubility experiments (paraben/CD)

NA not applicable

Paraben αCD HPαCD βCD HPβCD γCD HPγCD

SE 1% 10% 25% 0.2% 1.5% 25% 1% 10% 25%

Methyl paraben
 ν (O–H) 3282.6 3283.9 3277.4 3285.3 NA 3284.1 3285.5 3283.8 3310.9 3285.1
 ν (phenyl group) 2963.3 2963.6 2926.2 2964.7 NA 2963.7 2963.9 2969.3 2926.8 2963.7
 ν (C=O) 1676.1 1676.1 1718.0 1676.7 NA 1675.9 1676.4 1718.1 1718.1 1676.8
 ν (C–H) 769.80 769.76 746.68 770.33 NA 769.68 769.91 769.71 771.38 770.81

Ethyl paraben
 ν (O–H) 3190.1 3189.7 3286.6 3189.6 NA 3192.9 3188.8 3190.2 3299.9 3191.6
 ν (phenyl group) 2977.7 2977.6 2925.6 2978.0 NA 2978.1 2977.6 2970.2 2970.0 2976.9
 ν (C=O) 1668.1 1668.1 1709.8 1668.2 NA 1668.3 1668.3 1667.9 1685.3 1668.8
 ν (C–H) 767.91 767.66 759.69 768.19 NA 767.82 767.74 767.64 769.69 768.26

Propyl paraben
 ν (O–H) 3250.5 3249.7 3300.1 3258.2 3258.1 3276.3 3257.7 3249.5 3284.7 3250.5
 ν (phenyl group) 2981.8 2982.2 2925.5 2981.6 2981.1 2969.9 2981.2 2981.7 2925.9 2981.1
 ν (C=O) 1667.7 1667.7 1711.6 1667.9 1667.9 1738.6 1667.7 1667.5 1685.9 1667.9
 ν (C–H) 771.43 771.36 748.01 771.85 771.63 754.57 771.75 771.63 754.57 771.75

Butyl paraben
 ν (O–H) 3377.0 3377.8 3261.5 3374.8 3376.6 3288.3 3373.6 3371.5 3298.6 3375.8
 ν (phenyl group) 2954.3 2954.3 2919.7 2954.7 2954.5 2924.5 2955.2 2954.9 2927.3 2954.9
 ν (C=O) 1676.3 1676.5 1712.8 1676.2 1676.2 1697.5 1676.4 1676.8 1685.9 1676.6
 ν (C–H) 769.81 769.34 756.34 770.01 769.77 769.92 770.10 769.65 769.04 770.22

Fig. 6   FTIR spectra of MP and 
PP (SE), native CDs and the 
solid paraben/CD solid phases: 
MP/αCD 1% (representative 
of BS-type), MP/βCD 1.5% 
(AL-type) and PP/γCD 10% 
(Bi-type)
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the barely observed PP peaks are overlapped by the CD 
peaks.

Some similarities to the γCD spectra were found (espe-
cially in the fingerprint region) but also small differences 
(especially for the carbonyl group). This data suggests that 
the solid phase from PP/γCD at 10% γCD is probably com-
posed by a new entity (most likely PP/γCD inclusion com-
plex) or a mixture of PP/γCD inclusion complex and pure 
PP.

Hydroxypropylated cyclodextrins

In general, the observations made for the αCD and βCD 
systems (i.e. MP/αCD at 1% αCD and MP/βCD at 1.5% 
βCD) are also valid for the HP-CD systems shown in Fig. 7. 
As the phase-solubility studies show, all HP-CDs displayed 
AL-type diagrams for all studied parabens. For that reason, 
FTIR results (Fig. 7) shown that the spectrum of each solid 
phase from the paraben/HP-CD phase-solubility system is 
almost identical to the one of corresponding paraben with 
no significant shifts of the most characteristic peaks. This 
is typical and characteristic of all the paraben/HP-CD sys-
tems studied and suggests that solid phases consist of pure 
paraben. The non-existence of any HP-CD peaks in the IR 
spectra of the solid phases, further underlines that no solid 
paraben/HP-CD complexes were formed.

Differential scanning calorimetry (DSC) studies

DSC is one of the basic techniques used to study solid CD 
complexes, as interactions between drug/CD in the solid 
phase can be detected by shifting/disappearing of melt-
ing points of the individual components. The obtained 

phase-solubility data suggested formation of very water-
soluble paraben/CD complexes in the case of HP-CDs but 
formation of insoluble paraben/CD complexes in case of 
the unsubstituted (i.e. native) CDs. DSC experiments of the 
obtained solid phases were carried out. To trace their state, 
solid samples representing all experimental studied systems 
were tested.

Native cyclodextrins

DSC results (Fig. 8) show typical thermal curves from 
crystalline anhydrous substances for parabens, with a well-
defined sharp endothermic peak corresponding to the para-
ben melting point. As it is already described in the literature 
[1, 13] that melting points of parabens decrease with increas-
ing alkyl side chain: MP (125.2 °C) > EP (115.2 °C) > PP 
(95.7 °C) > BP (69.0 °C). As previously shown by Caira 
et al. the formation of paraben/CD complexes leads to the 
disappearance of the endothermic melting peak, as expected 
for guest/CD complexes in general [13]. The CDs them-
selves do not display any melting peak but decomposi-
tion above 300 °C [31–33]. The temperature range in this 
study was 0 to 200 °C. The solid phases from the solubil-
ity experiments of the different parabens in pure aqueous 
solution (described as SE) were used as references during 
interpretation of the results. Due to the extensive amount 
of data and in order to provide better understanding of the 
results, Fig. 8 is shown as a representative example of the 
solid phases obtained from the phase-solubility profiles of 
the native CDs: AL-type (EP/βCD), BS-type (PP/αCD) and 
finally Bi-type (BP/γCD).

In the first depicted system (EP/βCD) one endothermic 
peak in both samples is observed (114.6 and 115.4 °C for 

Fig. 7   FTIR spectra of MPSE, 
EPSE and BPSE and the solid 
paraben/HP-CD solid phases 
(MP/HPβCD 25%, EP/HPαCD 
25% and BP/HPγCD 25%)
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EP/βCD 0.2% and EP/βCD 1.5%, respectively) that repre-
sents the melting peak of pure EP. This confirms the results 
obtained with previous techniques where for AL-type pro-
files, highly soluble inclusion complexes are formed with-
out any precipitation of the complex (e.g., the initial and 
final CD concentration are close to identical) regardless of 
the CD concentration. For this reason, solid phase content 
exclusively consists of the pure paraben with similar melt-
ing temperature as the reference paraben (SE). PP/αCD was 
selected as a representative of BS-type phase-solubility dia-
gram where two CD concentration points in the diagram 
are analyzed, one in the linear increasing region (PP/αCD 
at 1% αCD) and the other after the plateau region (PP/αCD 
at 10% αCD). In this case, thermograms of the solid phases 
have some distinctive features depending on the region of 
phase-solubility diagram. For the solid phase from PP/αCD 
1% (taken from the part of the phase-solubility diagram that 
is similar to AL-type profiles), only one melting peak can 
be observed with a peak temperature lowered by 5 °C. This 
shift might be related to differences in the crystalline state 
(e.g. size and homogeneity) between the reference solid 
PP (PPSE) and the treated samples. This interpretation was 
supported by performing a second scan after cooling of the 
sample where the melting peak of pure PP 95.6 °C (data 
not shown) was observed. Increasing the αCD concentra-
tion led to formation of poorly soluble PP/αCD inclusion 
complexes that precipitated from the solution. After all non-
complexed pure PP from the solid phase has been converted 
to either complex in solution or solid precipitated complex 
(i.e. after plateau region) the composition of the solid phase 
changes and only the insoluble complex could be found. 
That is why thermograms for added CD concentrations until 
the plateau region showed a gradual decrease of PP peak 
melting temperature with increasing CD concentration up 

to complete disappearing of it past the plateau region. Solid 
phase obtained at 10% αCD showed no melting peak that 
could be ascribed to PPSE, since it is already situated in 
phase-solubility diagram descendent part and so all PP in 
solid phase will be exclusively present as a new solid entity, 
the PP/αCD inclusion complex. Only one broad endothermic 
peak starting around 100 °C is observed which could be 
associated with the CD dehydration process [31–33].

Last example shown in Fig. 8 is the BP/γCD system 
(Bi-type). Similar explanations as described above for 
BS-type solid phases can be given, although with a nota-
ble difference. The formed inclusion complex is so insolu-
ble that it starts to precipitate as soon as the solid paraben 
interacts with CD medium. This suggests that pure paraben 
will never be present in the solid phase of Bi-type systems. 
Instead a mixture of paraben and its CD complex is detected 
throughout the whole CD concentration range. The presence 
of pure paraben in the descendent part will only depend on 
CD availability in the liquid phase as well as on the amount 
of paraben added. Despite that in the BP/γCD at 1% γCD 
thermogram only the BP peak is visible also inclusion com-
plex must be present. The complex is probably not present in 
high enough amount to be detected or has a melting tempera-
ture above the range of study/decomposition temperature of 
the CD. Regarding the solid sample collected beyond the 
plateau region (BP/γCD at 10% γCD) inclusion complex in 
the solid phase was shown to be present by a broad endother-
mic peak (approximately at 110 °C) due to the dehydration 
process of CD [31–33] together with absence of BP melting 
peak.

Fig. 8   Some representative 
examples of DSC thermograms 
performed for parabens (SE), 
and solid phases from the 
AL-type (EP/βCD), BS-type 
(PP/αCD) and Bi-type (BP/
γCD) phase-solubility profiles
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Hydroxypropylated cyclodextrins

Representative examples of DSC diagrams of the solid 
phases of the paraben/HP-CD systems obtained at 25% CD 
concentration (MP/HPαCD 25%; EP/HPγCD 25%; BP/
HPβCD 25%) are shown in Fig. 9. No significant difference 
between onset and peak temperatures for the melting peaks 
of parabens and representative solid phases was observed, 
suggesting that solid parabens (present in the solid phases) 
maintained their original crystal structures. This was valid 
for all paraben/HP-CDs combinations tested. These results 
demonstrate that paraben/HP-CD complexes exist only in 
the liquid phase and therefore increasing CD concentration 
will only promote dissolution of the solid paraben present 
in the system.

X‑ray powder diffraction (XRPD) studies

XRPD analysis was used to identify the crystalline nature 
of the solid phase precipitates. Only the paraben/native CD 
solid phases were studied since both DSC and FTIR had 
shown that the solid phases of the parabens/HP-CDs sys-
tems did not contain solid paraben/CD complexes. All the 
analyzed diffractograms presented high quality diffraction 
patterns.

It should be noted that pure EP and BP (as received) 
have somewhat different XRPD pattern in comparison to 
EPSE and BPSE (i.e. solid phases from the phase-solubility 
experiments). This is contrarily to the XRPD patterns of 
MP and PP that look identical (Fig. 10). The XRPD results 
suggest that pure EP and BP (as received) do not have the 
same crystal maturity (e.g. size and homogeneity) as the 
ones that have been subjected to the solubility studies. 
There are several explanations for this observation. First, 

the production methods and purification of commercial 
parabens can affect the crystal structure. Different pro-
cesses will most probably result in varying qualities of 
the crystals produced. Second, the solubility study method 
may be considered to be a slow recrystallization process 
for the parabens with a constant dissolution and crystal-
lization of the parabens resulting in more homogeneous 
crystals. This underlines that XRDP of the SE samples, in 
contrast to the “as received” samples, are needed in order 
to provide appropriate diffractograms for comparison with 
the ones containing CDs.

In Fig. 11, XRPD patterns of parabens SE, the native 
CDs and four paraben/CD systems are presented. Although 
only a selection of the obtained data is shown, it is illustra-
tive of the trends obtained for the various phase-solubility 

Fig. 9   Representative thermo-
grams for parabens (SE) and 
paraben/HP-CDs systems (MP/
HPαCD, EP/HPγCD and BP/
HPβCD)

Fig. 10   XRPD spectra of pure parabens (as received) and the solid 
phases from parabens submitted to the phase-solubility experiments 
(SE)
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profiles of the paraben/native CD systems studied (AL, BS 
and Bi-type). The results show that all parabens precipitate 
as CD complexes at high αCD and γCD concentrations, but 
just PP and BP are able to form solid complexes at lower 
CD concentrations and with βCD. These complexes can be 
identified by diffraction peaks at low diffraction angle as 
seen from the crystal structures of the CDs. This signifies 
(relatively) long range order in the crystals.

The EP/αCD and BP/βCD systems represent solid phases 
from Bs-type profiles (Fig. 11). The EP/αCD 2% solid phase 
contains EP crystals but no signal from the complex is 
observed. This is in accordance with linear part of phase-
solubility diagram of this system. No solid complexes are 
formed since it is still under complex saturation concentra-
tion (moreover no notable changes of the αCD concentration 
were detected in the liquid phase).

The XRPD spectrum of EP/αCD 10% concentration point 
shows crystals that are neither pure EP nor αCD. At this 
point of the phase-solubility diagram, that is post the plateau 
region, the poorly soluble EP/αCD inclusion complex starts 
to precipitate and the new crystalline entities present in solid 
phase are most probably one or more type of EP/αCD inclu-
sion complex crystals. Quantification of EP/αCD 10% liq-
uid phase showed that 65% of the initial αCD concentration 
added was still present, so if some solid EP would still be in 
the system it would be complexed by this remaining amount 
of αCD (form insoluble complex). This explains why ten-
dentially no pure EP (or just residual amount) can be found 
in solid phase. The same explanation can be given for the 
BP/βCD 1.5% system, where the XRPD data suggests the 
mainly the presence of BP/βCD complex but also residual 
traces from pure BP.

Figure 11 also shows that for the MP/βCD 1.5% system, 
even at the highest βCD concentration possible, the MP/βCD 
complex formed will always stay in the liquid phase (does 
not precipitate) and, consequently, only crystals identical 

to MPSE are detected in the solid phase. This behavior is a 
trend observed for all systems that follow the AL-type phase-
solubility profile. Previously Caira et al. published XRPD 
spectra showing that βCD can form inclusion complexes 
with this series of parabens which is in accordance with 
presented results [13].

Representative XRPD spectra for systems following the 
Bi-profiles are also illustrated in Fig. 11 by the PP/γCD sys-
tem. Similarly to the description of the EP/αCD system, the 
diffractogram obtained in the plateau region (PP/γCD 0.5%) 
was almost identical to PPSE. The presence of PP crystals 
in the solid phase was confirmed and γCD concentration in 
the liquid phase not affected. The solid phase from PP/γCD 
10% (in the post plateau region) showed a pattern quite dif-
ferent from crystalline PP and γCD. It would be a mixture of 
pure PP and complex if solid PP would be added in quantity 
large enough to deplete all the available γCD which is still 
present in the liquid phase at this stage. Approximately 90% 
of initial γCD was detected in this supernatant, which sug-
gests that insoluble PP/γCD complex is the main constituent 
of the solid phase. The complexation with native CDs may 
promote recrystallization of parabens giving them different 
paraben crystal dimensions compared to SE.

Conclusions

Based on the phase-solubility study we can conclude that all 
parabens form complexes with the native CDs and that the 
formed complexes have limited water solubility resulting in 
B-type phase-solubility profiles. Exceptions are the MP/βCD 
and EP/βCD profiles that are of AL-type probably due to the 
poor solubility of βCD and, thus, high enough βCD concen-
trations cannot be obtained to observe BS-type diagrams.

Hydroxypropylated CDs increase substantially the 
paraben solubility in comparison to the native CDs. The 
hydroxypropylated CD derivatives consist of isomeric mix-
tures that lead to enhanced aqueous solubility and, thus, their 
aqueous solubility, as well as those of their complexes, is 
much greater that of their parent CDs. In case of the HP-
CDs increased CD concentration will result in increased 
paraben solubilization (positive effect) but for the native 
CDs it will enhance precipitation of the paraben/CD com-
plex and decreased apparent solubility of both paraben and 
CD. The IS values show on one hand that γCD was the best 
native CD to increase solubility of parabens, except in the 
case of BP (which was βCD). On the other hand, HPγCD 
was shown to be the best solubilizer of the HP-CDs tested. 
Difference in IS values between native CD and its corre-
spondent HP-derivative is not significant, although HP-CDs 
permit solubilization of greater amounts of parabens (due to 
their greater water solubility). Slope values higher than unity 
show that some parabens can form higher order complexes 

Fig. 11   XRPD spectra of parabens (SE), native CDs and some 
selected solid phases (AL: MP/βCD; BS: EP/αCD and BP/βCD; Bi: 
PP/γCD)
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(i.e. paraben2/CD, paraben3/CD, etc.). These higher order 
complexes with respect to the paraben were detected for all 
MP systems (except for HPαCD), for EP with γCD/HPβCD/
HPγCD and for PP/BP with HPγCD. The remaining com-
plexes were described using model assuming a simple para-
ben/CD 1:1 stoichiometry.

In general, the analysis of the solid phases by FTIR, DSC 
and XRPD lead to similar conclusions, supporting results 
obtained from phase-solubility experiments. It was shown 
that parabens and HP-CDs can interact and form inclusion 
complexes that are highly water-soluble and, consequently, 
their complexes will never be present in the solid phase. On 
the other hand, native CDs form complexes with limited 
water solubility that start to precipitate as solid phase after 
the solubility of the complex has been reached.

In Fig. 2, a schematic representation of the two types of 
phase-solubility profiles (A- and B-type) is presented. After 
analysis and combination of data it can be concluded that 
for A-type phase solubility diagrams only the excess of pure 
paraben can be found in the solid phase. On the other hand, 
for the B-type phase-solubility profiles composition of solid 
phase will vary depending on the CD concentration. Before 
the plateau region, only solid paraben can be detected but 
beyond the plateau region, mainly solid paraben/CD com-
plex can be found. In the plateau region, a mixture of pure 
solid paraben and solid complex will be present.

Finally, it can be concluded that the composition of solid 
phases is dependent on the type of phase-solubility pro-
file. Also that CD binding of parabens and, consequently, 
the solubilization of parabens in aqueous CD solutions 
increases with increasing size of the alkyl side chain (i.e. 
MP > EP > PP > BP) as well as with increasing diameter of 
the CD cavity (αCD < βCD < γCD). Overall saturation of 
test solutions containing the native (i.e. unsubstituted) CD 
will partially or fully transform solid parabens into insoluble 
paraben/CD complexes.
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