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Abstract: In this work, rutin (RUT)–β-cyclodextrin (β-CD) inclusion complexes are prepared by
Supercritical AntiSolvent (SAS) precipitation. Well-defined composite microparticles are obtained
at guest:host ratios equal to 1:2 and 1:1 mol:mol. The dimensions of composite particles range
between 1.45 ± 0.88 µm and 7.94 ± 2.12 µm. The formation of RUT–β-CD inclusion complexes has
been proved by different analyses, including Fourier transform infrared spectroscopy, Differential
Scanning Calorimetry, X-ray diffraction, and UV-vis spectroscopy. The dissolution tests reveal a
significant improvement in the release rate of RUT from inclusion complexes. Indeed, compared to
the unprocessed RUT, the dissolution rate is about 3.9 and 2.4 times faster in the case of the complexes
RUT–β-CD 1:2 and 1:1 mol:mol, respectively. From a pharmaceutical/nutraceutical point of view,
CD-based inclusion complexes allow the reduction of the polymer amount in the SAS composite
formulations.
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1. Introduction

Rutin (RUT) is a flavonoid, which is a group of polyphenols, also defined as vitamin
P. RUT is also known as quercetin-3-rhamnosyl glucoside since it is the most common and
widespread glycoside form of quercetin [1]. As most of the flavonoids, RUT is present in
a variety of vegetables, fruits, and plants [2–5]. This natural compound offers numerous
benefits for human health, including antioxidant, anti-inflammatory, antiviral, antidiabetic,
and anticancer activities [6–9]. It is also useful in the treatment of cardiovascular diseases,
venous insufficiency, and capillary impairment [9]. In particular, these beneficial properties
of RUT can be exploited both to treat and prevent cancer, cardiovascular, pancreas, and liver
diseases. RUT is included in a wide number of supplements, multivitamin preparations, and
herbal remedies. It is also widely spread in cosmetics, due to its action against hair follicle
degeneration (preventing the causes of baldness) and to the benefits provided to the skin; i.e.,
the promotion of collagen synthesis, the sunscreen effect and the anti-fatigue activity [9,10].

However, during processing and storage, external factors (e.g., oxygen, possible
changes in the temperature and pH) can cause chemical changes, oxidation, or even RUT
degradation. Moreover, like almost all flavonoids, it is poorly-water soluble, resulting in a
low bioavailability [1,11].

Despite the truly valuable properties of RUT in the pharmaceutical and nutraceutical
fields, few studies have been conducted to date to increase RUT dissolution rate and, conse-
quently, its bioavailability [12–15]. For this purpose, coprecipitated microparticles [15,16]
or inclusion complexes [12–14,17] consisting of a hydrophilic polymer and the active
principle are produced.

The attainment of inclusion complexes is based on the use of cyclodextrins (CDs),
cyclic oligosaccharides, used in the nutraceutical and pharmaceutical fields to stabilize
and protect several active compounds, to mask their unpleasant odor/taste, as well as to
increase the drug dissolution rate [18–20].
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CDs are characterized by a truncated cone-like structure: The hydrophilic external
surface entails the water solubility of CDs, whereas the hydrophobic internal cavity allows
them to incorporate different molecules with proper size, shape, and hydrophobicity [21].
As a consequence, guest/host inclusion complexes are formed through non-covalent
interactions, such as hydrogen bonds, hydrophobic bonds, and van der Waals forces.
Among the various CDs, β-cyclodextrin (β-CD) is the most commonly used one, because α-
cyclodextrin has a cavity too small to encapsulate the majority of active molecules, whereas
γ-cyclodextrin is too expensive [19].

In some papers, the preparation of RUT–CD inclusion complexes was attempted
by using traditional technologies; i.e., kneading [12,13], co-grinding [14], coevapora-
tion [13], and precipitation [17] methods. In these works, the formation of RUT/CD
complexes was proved through some analytical techniques, including Fourier transform in-
frared spectroscopy (FT-IR) and differential scanning calorimetry (DSC) analyses [13,14,17].
Sri et al. [13] compared two different methods to obtain RUT–CD inclusion complexes, to
increase the active principle dissolution rate. In some cases, RUT release kinetics from com-
plexes were not satisfactory. For example, in the study of Paczkowska et al., it was noted
that only 60% of RUT was released from inclusion complexes after 50 h [14]. Probably, this
result can be ascribed to the morphology of the composite powders; i.e., very large crystals,
as observed using a field emission scanning electron microscope. In another paper [17], the
dissolution tests were not even performed. In summary, the papers focused on obtaining
inclusion complexes containing rutin are not exhaustive and fully satisfactory; this can be
linked to the drawbacks of the used traditional techniques: multistage processing, pos-
sible thermal degradation of the encapsulated active principle, high solvent residues in
the product, and attainment of composites with irregular morphology/shape [14,22–24].
These limits can be overcome by employing supercritical carbon dioxide (scCO2)-based
technologies [25–27]; the various techniques can be classified according to the role played
by scCO2 with respect to the active principle. One of the most employed is the Supercritical
AntiSolvent (SAS) technique, in which the scCO2 is used as the antisolvent [28,29]. The
process is based on two prerequisites: the miscibility of scCO2 with the organic solvent at
the process conditions and the insolubility of the solute that has to be micronized in the
mixture formed by the solvent and scCO2. Considering that the diffusivity of carbon diox-
ide at supercritical conditions is comparable to the one of a gas, scCO2 rapidly diffused into
the liquid droplet, inducing the solute supersaturation and its subsequent precipitation.

SAS coprecipitation is generally effective when microspheres consisting of the active
principle dispersed in one of the polymers generally used as carriers for this type of process
are obtained [30]. Up to now, the bioavailability of various active compounds was signifi-
cantly improved by the SAS process. Nevertheless, one of the limitations of the SAS process
is the use of high polymer contents to ensure the formation of composite microparticles
with an increased drug dissolution rate [15,30]. In order to give a striking example, it is
possible to consider the results obtained in the work of Ozkan et al. [15], in which, through
the SAS process, composite microparticles containing rutin using polyvinylpyrrolidone
(PVP) as the carrier, were obtained using RUT:polymer ratios equal to 1:20 and 1:10 w:w.
These are the typical polymer/drug ratios using PVP as the carrier which, to date, is the
most used polymer for SAS coprecipitation [30].

A possible solution that aims at the coprecipitation with a lower quantity of poly-
meric carrier consists of the use of CDs. However, the SAS technique was applied to
prepare CD-based inclusion complexes in a limited number of literature studies [20,31–36].
Moreover, in none of them, the preparation of inclusion complexes containing RUT was
attempted, despite the numerous benefits offered by RUT for human health. In almost
all these works focused on the application of the SAS technique to prepare complexes,
hydroxypropyl-β–cyclodextrin (HP-β-CD) was used as the carrier. The use of cyclodextrins
derivatives (HP-β-CD for instance) is justified because β-CD can be toxic for the kidney
and can show nephrotoxicity in case of parenteral administration [37]. Mammucari et al.
reported that HP-β-CD and methyl-β-CD can be used for coprecipitate naproxen in the
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form of microparticles with an enhanced dissolution rate [36]. However, the morphology of
the SAS-prepared powders drug–HP-β-CD is in most cases not satisfactory, since crystals,
aggregates, coalescing particles, or big particles with holes mainly precipitated. Neverthe-
less, the formation of drug–CD complexes via the SAS process led to a drug dissolution
rate increase. Conversely, the interesting results reached by Lee et al. [20], Franco and De
Marco [35], Jia et al. [38], and Nerome et al. [39] revealed the possibility to achieve a regular
and spherical morphology of composite particles using β-CD as carrier and scCO2 as
antisolvent. In summary, β-CD, which can be safely used in the case of oral administration,
seems to be a more suitable carrier for SAS precipitation compared to HP-β-CD. Aiming to
mask the bitter taste of cetirizine (an antihistamine) with β-CD, Lee et al. [20] attempted to
produce inclusion complexes by both freeze-drying and SAS technique. Operating at molar
ratios of cetirizine:β-CD equal to 1:3, 1:2 and 1:1, large and irregular crystals precipitated
via freeze-drying; whereas, regular and spherical particles were produced by the SAS
technique. These results also showed the superiority of supercritical fluid-assisted technol-
ogy in overcoming the main drawbacks of conventionally used techniques, even though
none of the produced cetirizine–β-CD systems show any change in the antihistamine drug
dissolution rate. Instead, in the study of Nerome et al. [39], the dissolution tests were not
performed at all, and the formation of lycopene/β-CD inclusion complexes was claimed
only by DSC analyses; i.e., because of the disappearance of the cetirizine melting peak in
the DSC thermograms of SAS powders.

Considering all the previous assumptions, this paper is focused on the production of
RUT–β-CD inclusion complexes by SAS process, to improve the rutin dissolution in an
aqueous medium and, consequently, its bioavailability. The final purpose is to propose
alternative formulations or supplements, exploiting the numerous beneficial properties of
the natural active compound and improving its therapeutic efficacy.

2. Materials and Methods
2.1. Materials

β-cyclodextrin (β-CD, purity 99.9%) and rutin hydrate (RUT, purity 95%) were pur-
chased by Sigma–Aldrich (Milan, Italy). Dimethylsulfoxide (DMSO, purity 99.5%) was
bought from Carlo Erba (Cornaredo, Italy). Carbon dioxide (CO2, purity 99%) was supplied
by Morlando Group s.r.l. (Sant’Antimo, Italy). The solubility of RUT in DMSO, which was
experimentally determined at about 25 ◦C, is approximately 240 mg/mL.

2.2. SAS Apparatus and Procedure

The bench plant used for the SAS tests is drafted in Figure 1. Briefly, the high-pressure
pump P1 allows delivering the CO2 (stored in reservoir S1) to the precipitation chamber
(PC, internal volume of 500 cm3). The high-pressure pump P2 permits to feed the liquid
solution (stored in the burette S2), which consists of the solutes (RUT, β-CD) solubilized
in the liquid solvent (DMSO); in detail, it is injected through a 100 µm internal diameter
stainless-steel nozzle. The temperature control (TC) in the PC is ensured by a controller
connected with an electrically thin band. The pressure is determined by a test gauge
manometer (M), whereas its regulation is assured through a micrometric valve (MV). The
precipitated powder is collected at the bottom of the PC on a stainless-steel filter (size
of pores of around 0.1 µm), which also allows the passage of the mixture CO2–DMSO.
Downstream the PC, the DMSO is recovered in the separator LS, whose pressure is fixed at
a lower value than that into the PC (about 2.0–2.5 MPa) through the backpressure valve
BPV. The flow rate and the total quantity of delivered CO2 are measured at the exit by a
rotameter (R) and a dry test meter (DM), respectively.
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Figure 1. A schematic representation of the SAS laboratory plant.

At the beginning of a typical precipitation experiment, the selected temperature and
pressure are reached by pumping the CO2 to the PC, which is heated up in a controlled
manner. Once the operating conditions are stabilized, pure DMSO is firstly injected into
the PC, followed by the liquid solution, inducing the precipitation of the solutes because of
the supersaturation. At the end of the solution injection, the CO2 lasts to flow to eliminate
the solvent residues. At the end of the washing step, the PC is depressurized up to the
atmospheric pressure. Finally, the precipitated powder is recovered and characterized.

2.3. Analytical Methods

The precipitated powders were analyzed by Field Emission Scanning Electron Mi-
croscopy (FESEM, mod. LEO 1525, Carl Zeiss SMT AG, Oberkochen, Germany) to deter-
mine the morphology and size of obtained particles. The powders, which were dispersed
on a carbon tab stuck on an aluminum stub, were coated with gold-palladium (layer thick-
ness 250 Å) using a sputter coater (mod. 108 A, Agar Scientific, Stansted, United Kingdom).
For each sample, the diameters of about 1000 particles were measured from various FE-
SEM photomicrographs, by using the Sigma Scan Pro image analysis software (release
5.0, Aspire Software International Ashburn, Ashburn, VA, USA). These data were used
to determine particle size distributions (PSDs) by Microcal Origin Software (release 8.0,
Microcal Software, Inc., Northampton, MA, USA).

Fourier transform infrared (FT-IR) spectroscopy (M2000 FT-IR spectrophotometer,
MIDAC Co, Costa Mesa, CA, USA) was employed to record the spectra of samples in the
range of wavenumbers 4000–450 cm−1, at a resolution of 0.5 cm−1 and as the average of
16 scan signals. The mixture of about 100 mg of potassium bromide (KBr) and 1 mg of each
sample is compressed through a hydraulic press to prepare the disc that has to be analyzed.

A differential Scanning Calorimeter (DSC, mod. TC11, Mettler-Toledo, Inc., Columbus,
OH, USA) with the MettlerSTARe system was used to perform the calorimetric analyses.
A sample of the powder (5 ± 0.5 mg) is heated from 25 ◦C up to 250 ◦C (with a heating rate
of 10 ◦C/min) using a nitrogen gas flow equal to 50 mL/min.

X-ray diffraction (XRD) patterns were recorded by an X-ray powder diffractometer
(Bruker, Billerica, MA, USA). The operating conditions of the analysis are the following:
Ni-filtered Cu Kα radiation, 2θ angle between 10◦ and 50◦ (with a scan rate of 0.5 s/step
and a step size of 0.08◦), λ = 1.54 Å.

RUT dissolution tests were performed using a UV–vis spectrophotometer (model Cary
50, Varian, Palo Alto, CA, USA), at a wavelength of 257 nm. The tests were conducted in
a dissolution medium constituted by phosphate buffered saline solution (PBS) at pH 7.4.
Samples containing an equivalent amount of RUT (5 mg) were suspended in 3 mL of PBS
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placed into a dialysis sack. Then, this sack was incubated in 300 mL of PBS, continuously
stirred at 150 rpm, and heated at 37 ◦C. Each analysis, which was performed in triplicate,
was stopped at the end of RUT release; i.e., when the plateau was reached and all RUT was
released to the outer aqueous phase. A calibration curve was determined using diluted
standards at five different concentrations of RUT in PBS and was used to convert the
absorbance into RUT concentration. The calculated calibration curve (with a correlation
coefficient R2 = 0.9985) had the form: y = 16.413·x, where y is the absorbance and x the
RUT concentration.

The residual solvent (DMSO) in the SAS powders was measured by coupling a
headspace sampler (model 7694E, Hewlett Packard, Palo Alto, CA, USA) to a gas chro-
matograph equipped with a flame ionization detector (GC-FID, model 6890 GC-SYSTEM,
Hewlett Packard, Agilent Technologies Mfg. Gmbh & Co., Santa Clara, CA USA). Two
fused silica capillary columns connected in series by press-fit were used to separate the sol-
vent: The first column (model Carbowax EASYSEP, Stepbios, Bologna, Italy) was connected
to the detector (30 m length, 0.53 mm i.d., 1 m film thickness), whereas the second one
(model Cp Sil 5CB CHROMPACK, Stepbios, Bologna, Italy) was connected to the injector
(25 m length, 0.53 mm i.d., 5 m film thickness). GC conditions were: oven temperature at
160 ◦C for a total time equal to 8.80 min. The injector was maintained at 250 ◦C (split mode,
ratio 5:1); helium was used as the carrier gas (2 mL/min). Head space conditions were:
equilibration time, 9 min at 170 ◦C; pressurization time, 0.3 min; loop fill time, 0.4 min.
Fifty milligrams of drug dissolved in water were placed in 20-mL vials to prepare the head
space samples.

3. Experimental Results and Discussion

All SAS experiments were performed using DMSO as the liquid solvent. The fixed
operating conditions are the following: a temperature of 40 ◦C and the flow rates of CO2
and liquid solution equal to 30 g/min and 1 mL/min, respectively. In particular, the
indicated flow rates were chosen to operate with CO2 molar fractions approximately equal
to 0.98 at the selected temperature; i.e., on the right of the Mixture Critical Point (MCP) of
the binary system CO2–DMSO to assure the supercritical mixture conditions [40,41].

A list of the SAS tests performed at various operating conditions is reported in Table 1,
in which the morphology of the obtained particles with the mean diameter (m.d.) and the
standard deviation (s.d.) on a volumetric basis are indicated.

Table 1. A summary of SAS experiments performed (P = pressure; Ctot = total concentration of solutes in DMSO;
MP = microparticles; C = crystals).

# RUT/β-CD
(mol/mol)

RUT/β-CD
(w/w)

P
(Mpa)

Ctot
(mg/mL) Morphology m.d. ± s.d.

(µm)

1 1/0 1/0 9 20 C -

2 0/1 0/1 9 100 MP 1.91 ± 0.54

3

1/2 1/4

9 100 MP 2.88 ± 0.88

4 9 150 MP 6.72 ± 1.74

5 9 200 MP 7.94 ± 2.12

6 12 200 MP 4.12 ± 1.14

7 15 200 MP 3.63 ± 1.09

8
1/1 1/2

9 200 liquid -

9 12 200 MP 1.45 ± 0.88

10 2/1 1/1 12 200 MP + C -
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Some preliminary tests were performed micronizing RUT and the polymer separately
by the SAS technique. Processing RUT at 40 ◦C, 9 MPa with a solute concentration in
DMSO equal to 20 mg/mL (run #1 in Table 1), most of the solute was extracted by the
DMSO–scCO2 mixture. Analyzing through FESEM the small amount of RUT recovered
on the filter, the presence of irregular crystals emerged (Figure 2a), indicating that it is not
possible to process RUT alone by the SAS technique. If the pressure is increased at 12 and
15 MPa (not reported in the table), RUT is extracted from the DMSO–scCO2 mixture and no
powder at all is recovered inside the precipitator. This result is confirmed in literature [42].
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β-CD was micronized at 40 ◦C, 9 MPa, and a solute concentration in DMSO equal
to 100 mg/mL (run #2). Spherical microparticles (Figure 2b) precipitated from DMSO,
in agreement with the results obtained in previous work [43], in which the tendency of
β-CD to precipitate in the form of microparticles at various pressures, temperatures, and
concentrations in DMSO, was highlighted.

Hence, the coprecipitation of RUT with β-CD was studied to form inclusion complexes
by the SAS process. In literature, it was demonstrated that it is possible to force even the
morphology of active compounds that cannot be processed alone via SAS technique, like
RUT, by selecting the proper polymeric carrier [30]. To obtain well-defined microparticles,
the effect of various parameters, namely the concentration of solutes in DMSO, the pressure,
and RUT:β-CD molar ratio, on particle morphology and size were investigated.

3.1. Effect of Total Concentration on RUT/β-CD Coprecipitates

The first set of experiments (runs #3–5) was performed to investigate the effect of the
overall concentration of solutes in DMSO, at a fixed pressure of 9 MPa and RUT:β-CD ratio
equal to 1:2 mol:mol. Increasing the concentration from 100 to 200 mg/mL, well-separated
and spherical microparticles were obtained in all cases, as it is possible to observe in Figure 3.

The influence of the total concentration of solutes in the liquid solution is shown in
Figure 4, where a comparison of the volumetric cumulative PSDs of particles precipitated
at 40 ◦C and 9 MPa is reported. It can be noted that the dimensions of microparticles
increased by increasing the concentration in DMSO.
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3.2. Effect of Pressure on RUT/β-CD Coprecipitates

The subsequent experiments (runs #5–7 in Table 1) were performed at a total concen-
tration equal to 200 mg/mL and a RUT:β-CD ratio fixed at 1:2 mol:mol. To investigate the
effect of pressure on the produced particles, this process parameter was increased from
9 MPa to 15 MPa. Well-separated microparticles were obtained in correspondence of all the
tested pressures (exemplificative FESEM images obtained 9 MPa and 12 MPa are reported in
Figures 3a and 5a, respectively). The PSDs of particles precipitated at 40 ◦C and 200 mg/mL
are compared in Figure 5b to highlight the effect of the operating pressure. It was noted
that, by decreasing the pressure, the mean particle size increased and the PSD enlarged.
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3.3. Effect of RUT/β-CD Molar Ratio

The influence of the RUT:β-CD molar ratio was also studied because it seems to be the
parameter that mostly affects the complexation process [21]. To further reduce the amount
of the carrier in the composites, the RUT:β-CD ratio was gradually increased from 1:2 to
2:1 mol:mol.

Considering that, under the conditions of test #5 (9 MPa, 40 ◦C, 200 mg/mL), well-
defined RUT–β-CD 1:2 mol:mol microparticles were obtained; firstly the reduction of the
guest:host molar ratio at 1:1 was attempted, keeping the other parameters unchanged
(run #8). However, operating under these conditions, the liquid was recovered in the
vessel at the end of the experiment. This outcome could be explained considering the high-
pressure vapor-liquid equilibria (VLEs). At the selected temperature of 40 ◦C, the MCP
of the binary system DMSO–scCO2 is located at 8.61 MPa [40]; therefore, the operating
point at 9 MPa was theoretically above the MCP of the binary system solvent/antisolvent.
However, the high concentration of RUT–β-CD in the liquid solution could have modified
the binary system VLEs; this occurrence may induce a shift of the RUT–β-CD–DMSO–
scCO2 quaternary system MCP towards higher pressures compared to the MCP of the
solvent/antisolvent binary system [41]. Consequently, the operating point at 9 MPa could
be below the MCP and located in the biphasic region in case of run #8.

For this reason, the following test (run #9) was performed at 200 mg/mL and RUT:β-
CD ratio 1:1 mol:mol, but increasing the pressure at 12 MPa to shift the operating point
above the MCP of the quaternary system. Microparticles at molar ratio guest:host 1:1
(Figure 6a) were produced at 12 MPa. Given the positive result, a further increase of
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the RUT:β-CD ratio at 2:1 mol/mol working at 12 MPa and 200 mg/mL (run #10) was
attempted. In Figure 6b, it can be observed that, in this case (run #10), large crystals
and microparticles precipitated from DMSO, meaning that the coprecipitation was not
effective and that the operating point was near/below the MCP. This result confirms that
the presence of RUT strongly modifies the VLEs of the DMSO–CO2 binary system and
that it is important to identify, for each ternary or quaternary system, the proper operating
conditions to conduct the experiments.
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Figure 6. FESEM images of (a) microparticles RUT–β-CD 1:1 mol:mol (run #9), (b) microparticles and crystals at RUT–β-CD
2:1 mol:mol (run #10), precipitated from DMSO at 40 ◦C, 200 mg/mL and 12 MPa.

3.4. Characterization of RUT/β-CD Samples

To verify the formation of inclusion complexes, SAS powders were characterized by
different analytical techniques.

The FT-IR spectra of unprocessed RUT and β-CD, physical mixture RUT + β-CD (1:1
mol:mol), and SAS processed RUT–β-CD at different molar ratios are reported in Figure 7.
The spectrum of pure RUT shows various characteristic absorption bands, including the
stretching carbonyl group at 1654–1600 cm−1, that of the ether group at 1362–1169 cm−1,
and the characteristic adsorption band of Ar at 1507 cm−1 [44]. The FT-IR spectrum of
pure β-CD shows the absorption bands attributed to the C=O stretching vibrations of
the glycosidic bond, the primary alcohol, and the cyclic alcohol at 1022 cm−1, 1638 cm−1,
and 1156 cm−1, respectively [45]. The characteristic bands of RUT are evident in the
spectrum of RUT + β-CD physical mixture unlike the spectra of SAS-processed powders
RUT–β-CD both at 1:2 mol/mol and 1:1 mol:mol. The disappearance of absorption bands
or the reduction in peak intensity in the FT-IR spectra of active compound–β-CD samples
can be attributed to the formation of inclusion complexes [20,31–34,46], since the active
compound (guest) is incorporated into the β-CD cavity (host). In addition to the partial
or complete disappearance of RUT bands, like those at 1169, 1362, and 1654 cm−1, it is
possible to note a shift of the RUT band at 1600 cm−1 towards slightly higher wavenumbers,
as observable in the enlargement of FT-IR spectra reported in Figure 7b. According to the
literature [47], this shift can be ascribed to the formation of hydrogen bonds between the
carbonyl group and the hydroxyl group of RUT and β-CD, proving again the attainment
of inclusion complexes.
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DSC thermograms of unprocessed RUT and β-CD and SAS-processed RUT–β-CD at
different molar ratios (1:2 and 1:2 mol:mol) are reported in Figure 8. The thermogram of
pure RUT exhibits an endothermic peak in the range 143–190 ◦C, which is related to the
phase transition and the molecular rearrangement of RUT; i.e., the melting point [15]. It is
possible to note that this characteristic peak of rutin disappears in the thermograms of SAS-
processed RUT–β-CD powders because RUT is encapsulated in the β-CD cavity thanks to
the formation of weak interactions between the host and the guest [31–33]. Moreover, the
thermogram of the pure β-CD shows a broad endothermic peak in the range 75–115 ◦C
because of the dehydration [13]. The intensity of this peak reduces in the case of all SAS
RUT–β-CD powders, due to the loss of water molecules in the β-CD cavity replaced by
the hydrophobic RUT. Indeed, this replacement allows reaching a lower and more stable
energy state with the formation of inclusion complexes [48].
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XRD analyses were also performed on unprocessed RUT and β-CD, and SAS processed
RUT–β-CD at different molar ratios (i.e., 172 mol:mol and 1:1 mol:mol), as reported in
Figure 9. The XRD patterns of pure RUT and β-CD show the crystalline state of both the
materials, whereas all SAS RUT–β-CD powders show an amorphous structure. This change
in the solid-state of materials is attributed in the literature to the formation of amorphous
inclusions [31]: The characteristic peaks of the active compound disappears in the XRD
patterns of SAS powders because RUT molecules are incorporated and “hidden” in the
cavity of the amorphous β-CD.
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Dissolution tests (Figure 10) were performed to compare the dissolution rate of un-
processed active compound and RUT from SAS complexes at different molar ratios of
RUT:β-CD (1:2 mol:mol and 1:1 mol:mol). It was observed that 90% of pure RUT dissolved
in PBS in about 30.4 h, whereas it took about 7.7 and 12.7 h in the case of SAS complexes
RUT–β-CD 1:2 and 1:1 mol:mol, respectively. Therefore, the dissolution rate of RUT is
increased up to about 3.9 and 2.4 times with RUT–β-CD 1:2 and 1:1 mol:mol inclusion
complexes, respectively.
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According to the Food and Drug Administration (FDA) guidance about residual
solvents in pharmaceutical (or nutraceutical) products, the maximum allowed concentra-
tion of DMSO in the final product is 5000 ppm, since it belongs to class 3 (solvents with
low toxic potential) [49]. The residual DMSO content in the SAS precipitated RUT–β-CD
powders was determined; the analyses revealed that the solvent residue was in the range
300–600 ppm for all the SAS samples.

It is worth noting that very satisfactory results are obtained in this study since a signif-
icant improvement of the rutin dissolution is achieved at very low active compound:β-CD
ratios, which are generally difficult to reach by coprecipitating a drug with a generic poly-
mer through SAS technique [30,50]. This means that the formation of inclusion complexes
with β-CD allows reducing significantly the amount of the carrier into the coprecipi-
tated powders, with respect to the composite microspheres generally obtained by SAS
coprecipitation with other polymers. In particular, in a previous work [15], composite
microparticles with a well-defined morphology containing rutin were obtained only at
drug:polymer ratios equal to 1:20 and 1:10 w:w using PVP, which is currently one of the
best hydrophilic carriers for SAS coprecipitation [30]. Instead, in this work, inclusion com-
plexes with good morphology and micrometric size are obtained at RUT:β-CD ratios equal
to 1:4 w:w (1:2 mol:mol) and 1:2 w:w (1:1 mol:mol). Moreover, SAS powder RUT–β-CD
1:2 w:w (1:1 mol:mol) not only has a reduced quantity of polymer while maintaining a
microparticle-like morphology but shows a dissolution rate about two times faster than
SAS coprecipitates RUT–PVP 1:10 w:w [15].

4. Conclusions and Perspectives

SAS coprecipitation revealed to be suitable to form RUT–β-CD inclusion complexes.
Different parameters influenced the morphology and dimensions of the composite precipi-
tated particles. In particular, RUT:β-CD molar ratios equal to 1:2 mol:mol and 1:1 mol:mol
have to be selected for proper coprecipitation and complexation. The FT-IR, DSC, and XRD
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analyses demonstrated the formation of guest–host inclusion complexes at rutin:β-CD
ratios equal to 1:2 and 1:1 mol/mol. Specifically, FT-IR analyses proved the formation of
non-covalent interactions after the SAS process, which are typical of inclusion complexes.
This led to a significant increase in the dissolution rate of RUT, which was about 3.9 and
2.4 times faster compared to pure rutin in the case of the 1:2 and 1:1 mol:mol RUT–β-CD in-
clusion complexes, respectively. Moreover, it was observed that the formation of inclusion
complexes based on β-CD allowed to reduce significantly the amount of the carrier in SAS
coprecipitated powders. These results are relevant from a pharmaceutical/nutraceutical
point of view since SAS RUT–β-CD composites can be proposed as supplements that allow
benefiting from all the properties of the vitamin P.

Author Contributions: I.D.M. provided the concept and the experimental design; P.F. performed the
experiments; P.F. wrote the draft of the manuscript; I.D.M. reviewed and edited the manuscript. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data in this study were generated by our research group, and they
are included in this article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Manach, C.; Morand, C.; Demigné, C.; Texier, O.; Régérat, F.; Rémésy, C. Bioavailability of rutin and quercetin in rats. FEBS Lett.

1997, 409, 12–16. [CrossRef]
2. Alinezhad, H.; Azimi, R.; Zare, M.; Ebrahimzadeh, M.A.; Eslami, S.; Nabavi, S.F.; Nabavi, S.M. Antioxidant and antihemolytic

activities of ethanolic extract of flowers, leaves, and stems of Hyssopus officinalis L. Var. angustifolius. Int. J. Food Prop. 2013, 16,
1169–1178. [CrossRef]

3. Harnly, J.M.; Doherty, R.F.; Beecher, G.R.; Holden, J.M.; Haytowitz, D.B.; Bhagwat, S.; Gebhardt, S. Flavonoid content of US fruits,
vegetables, and nuts. J. Agric. Food Chem. 2006, 54, 9966–9977. [CrossRef] [PubMed]

4. Williamson, G.; Manach, C. Bioavailability and bioefficacy of polyphenols in humans. II. Review of 93 intervention studies. Am. J.
Clin. 2005, 81, 243S–255S. [CrossRef] [PubMed]

5. Rice-Evans, C. Flavonoid antioxidants. Curr. Med. Chem. 2001, 8, 797–807. [CrossRef]
6. Erlund, I.; Kosonen, T.; Alfthan, G.; Mäenpää, J.; Perttunen, K.; Kenraali, J.; Parantainen, J.; Aro, A. Pharmacokinetics of quercetin

from quercetin aglycone and rutin in healthy volunteers. Eur. J. Clin. Pharmacol. 2000, 56, 545–553. [CrossRef]
7. Yang, J.; Guo, J.; Yuan, J. In vitro antioxidant properties of rutin. LWT-Food Sci. Technol. 2008, 41, 1060–1066. [CrossRef]
8. Cazarolli, L.H.; Zanatta, L.; Alberton, E.H.; Figueiredo, B.; Reis, M.S.; Folador, P.; Damazio, R.G.; Pizzolatti, M.G.; Silva, B.; Mena,

F.R. Flavonoids: Prospective drug candidates. Mini-Rev. Med. Chem. 2008, 8, 1429–1440. [CrossRef]
9. Ganeshpurkar, A.; Saluja, A.K. The pharmacological potential of rutin. Saudi Pharm. J. 2017, 25, 149–164. [CrossRef]
10. Carelli, S.; Hebda, D.M.; Traversa, M.V.; Messaggio, F.; Giuliani, G.; Marzani, B.; Benedusi, A.; Di Giulio, A.M.; Gorio, A. A

specific combination of zeaxanthin, spermidine and rutin prevents apoptosis in human dermal papilla cells. Exp. Dermatol. 2012,
21, 953–955. [CrossRef]

11. Wang, W.; Sun, C.; Mao, L.; Ma, P.; Liu, F.; Yang, J.; Gao, Y. The biological activities, chemical stability, metabolism and delivery
systems of quercetin: A review. Trends Food Sci. Technol. 2016, 56, 21–38. [CrossRef]

12. Miyake, K.; Arima, H.; Hirayama, F.; Yamamoto, M.; Horikawa, T.; Sumiyoshi, H.; Noda, S.; Uekama, K. Improvement of
solubility and oral bioavailability of rutin by complexation with 2-hydroxypropyl-β-cyclodextrin. Pharm. Dev. Technol. 2000, 5,
399–407. [CrossRef]

13. Sri, K.V.; Kondaiah, A.; Ratna, J.V.; Annapurna, A. Preparation and characterization of quercetin and rutin cyclodextrin inclusion
complexes. Drug Dev. Ind. Pharm. 2007, 33, 245–253. [CrossRef] [PubMed]

14. Paczkowska, M.; Mizera, M.; Piotrowska, H.; Szymanowska-Powałowska, D.; Lewandowska, K.; Goscianska, J.; Pietrzak, R.;
Bednarski, W.; Majka, Z.; Cielecka-Piontek, J. Complex of rutin with β-cyclodextrin as potential delivery system. PLoS ONE 2015,
10. [CrossRef] [PubMed]

15. Ozkan, G.; Franco, P.; Capanoglu, E.; De Marco, I. PVP/flavonoid coprecipitation by supercritical antisolvent process. Chem. Eng.
Process. 2019, 146, 1–10. [CrossRef]

16. Lauro, M.; Maggi, L.; Conte, U.; De Simone, F.; Aquino, R. Rutin and quercetin gastro-resistant microparticles obtained by
spray-drying technique. J. Drug Del. Sci.Technol. 2005, 15, 363–369. [CrossRef]

http://doi.org/10.1016/S0014-5793(97)00467-5
http://doi.org/10.1080/10942912.2011.578319
http://doi.org/10.1021/jf061478a
http://www.ncbi.nlm.nih.gov/pubmed/17177529
http://doi.org/10.1093/ajcn/81.1.243S
http://www.ncbi.nlm.nih.gov/pubmed/15640487
http://doi.org/10.2174/0929867013373011
http://doi.org/10.1007/s002280000197
http://doi.org/10.1016/j.lwt.2007.06.010
http://doi.org/10.2174/138955708786369564
http://doi.org/10.1016/j.jsps.2016.04.025
http://doi.org/10.1111/exd.12029
http://doi.org/10.1016/j.tifs.2016.07.004
http://doi.org/10.1081/PDT-100100556
http://doi.org/10.1080/03639040601150195
http://www.ncbi.nlm.nih.gov/pubmed/17454057
http://doi.org/10.1371/journal.pone.0120858
http://www.ncbi.nlm.nih.gov/pubmed/25822535
http://doi.org/10.1016/j.cep.2019.107689
http://doi.org/10.1016/S1773-2247(05)50066-2


Polymers 2021, 13, 246 14 of 15

17. Haiyun, D.; Jianbin, C.; Guomei, Z.; Shaomin, S.; Jinhao, P. Preparation and spectral investigation on inclusion complex of
β-cyclodextrin with rutin. Spectrochim. Acta A 2003, 59, 3421–3429. [CrossRef]

18. Loftsson, T.; Brewster, M.E. Pharmaceutical applications of cyclodextrins. 1. Drug solubilization and stabilization. J. Pharm. Sci.
1996, 85, 1017–1025. [CrossRef]

19. Szejtli, J. Past, present and futute of cyclodextrin research. Pure Appl. Chem. 2004, 76, 1825–1845. [CrossRef]
20. Lee, C.-W.; Kim, S.-J.; Youn, Y.-S.; Widjojokusumo, E.; Lee, Y.-H.; Kim, J.; Lee, Y.-W.; Tjandrawinata, R.R. Preparation of bitter

taste masked cetirizine dihydrochloride/β-cyclodextrin inclusion complex by supercritical antisolvent (SAS) process. J. Supercrit.
Fluids 2010, 55, 348–357. [CrossRef]

21. Davis, M.E.; Brewster, M.E. Cyclodextrin-based pharmaceutics: Past, present and future. Nat. Rev. Drug Discov. 2004, 3, 1023–1035.
[CrossRef] [PubMed]

22. Sauceau, M.; Rodier, E.; Fages, J. Preparation of inclusion complex of piroxicam with cyclodextrin by using supercritical carbon
dioxide. J. Supercrit. Fluids 2008, 47, 326–332. [CrossRef]

23. Patil, J.; Kadam, D.; Marapur, S.; Kamalapur, M. Inclusion complex system; a novel technique to improve the solubility and
bioavailability of poorly soluble drugs: A review. Int. J. Pharm. Sci. Rev. Res. 2010, 2, 29–34.

24. Mammucari, R.; Foster, N. Dense gas technology and cyclodextrins: State of the art and potential. Curr. Org. Chem. 2008, 12,
476–491. [CrossRef]

25. Baldino, L.; Cardea, S.; Reverchon, E. Biodegradable membranes loaded with curcumin to be used as engineered independent
devices in active packaging. J. Taiwan Inst. Chem. Eng. 2017, 71, 518–526. [CrossRef]

26. Cardea, S.; Baldino, L.; Reverchon, E. Comparative study of PVDF-HFP-curcumin porous structures produced by supercritical
assisted processes. J. Supercrit. Fluids 2018, 133, 270–277. [CrossRef]

27. Franco, P.; Incarnato, L.; De Marco, I. Supercritical CO2 impregnation of α-tocopherol into PET/PP films for active packaging
applications. J. CO2 Util. 2019, 34, 266–273. [CrossRef]

28. De Marco, I.; Prosapio, V.; Cice, F.; Reverchon, E. Use of solvent mixtures in supercritical antisolvent process to modify precipitates
morphology: Cellulose acetate microparticles. J. Supercrit. Fluids 2013, 83, 153–160. [CrossRef]

29. Prosapio, V.; Reverchon, E.; De Marco, I. Coprecipitation of Polyvinylpyrrolidone/β-Carotene by Supercritical Antisolvent
Processing. Ind. Eng. Chem. Res. 2015, 54, 11568–11575. [CrossRef]

30. Prosapio, V.; De Marco, I.; Reverchon, E. Supercritical antisolvent coprecipitation mechanisms. J. Supercrit. Fluids 2018, 138,
247–258. [CrossRef]

31. Jun, S.W.; Kim, M.-S.; Kim, J.-S.; Park, H.J.; Lee, S.; Woo, J.-S.; Hwang, S.-J. Preparation and characterization of
simvastatin/hydroxypropyl-β-cyclodextrin inclusion complex using supercritical antisolvent (SAS) process. Eur. J. Pharm.
Biopharm. 2007, 66, 413–421. [CrossRef]

32. Huang, Y.; Zu, Y.; Zhao, X.; Wu, M.; Feng, Z.; Deng, Y.; Zu, C.; Wang, L. Preparation of inclusion complex of apigenin-
hydroxypropyl-β-cyclodextrin by using supercritical antisolvent process for dissolution and bioavailability enhancement. Int. J.
Pharm. 2016, 511, 921–930. [CrossRef]

33. Zhou, R.; Wang, F.; Guo, Z.; Zhao, Y. Preparation and characterization of resveratrol/hydroxypropyl-β-cyclodextrin inclusion
complex using supercritical antisolvent technology. J. Food Process Eng. 2012, 35, 677–686. [CrossRef]

34. Sun, J.; Hong, H.; Zhu, N.; Han, L.; Suo, Q. Response surface methodology to optimize the preparation of tosufloxacin
tosylate/hydroxypropyl-β-cyclodextrin inclusion complex by supercritical antisolvent process. J. Mol. Struct. 2019, 1198,
126939–126946. [CrossRef]

35. Franco, P.; De Marco, I. Preparation of non-steroidal anti-inflammatory drug/β-cyclodextrin inclusion complexes by supercritical
antisolvent process. J. CO2 Util. 2020, 101397. [CrossRef]

36. Mammucari, R.; Dehghani, F.; Foster, N.R. Dense gas processing of micron-sized drug formulations incorporating hydroxypropy-
lated and methylated beta-cyclodextrin. Pharm. Res. 2006, 23, 429–437. [CrossRef] [PubMed]

37. Stella, V.J.; Rajewski, R.A. Cyclodextrins: Their future in drug formulation and delivery. Pharm. Res. 1997, 14, 556–567. [CrossRef]
[PubMed]

38. Jia, J.; Zhang, K.; Zhou, X.; Zhou, D.; Ge, F. Precise Dissolution Control and Bioavailability Evaluation for Insoluble Drug
Berberine via a Polymeric Particle Prepared Using Supercritical CO2. Polymers 2018, 10, 1198. [CrossRef]

39. Nerome, H.; Machmudah, S.; Wahyudiono; Fukuzato, R.; Higashiura, T.; Youn, Y.S.; Lee, Y.W.; Goto, M. Nanoparticle formation
of lycopene/β-cyclodextrin inclusion complex using supercritical antisolvent precipitation. J. Supercrit. Fluids 2013, 83, 97–103.
[CrossRef]

40. Andreatta, A.E.; Florusse, L.J.; Bottini, S.B.; Peters, C.J. Phase equilibria of dimethyl sulfoxide (DMSO) + carbon dioxide, and
DMSO + carbon dioxide + water mixtures. J. Supercrit. Fluids 2007, 42, 60–68. [CrossRef]

41. Campardelli, R.; Reverchon, E.; De Marco, I. Dependence of SAS particle morphologies on the ternary phase equilibria. J. Supercrit.
Fluids 2017, 130, 273–281. [CrossRef]

42. Montes, A.; Wehner, L.; Pereyra, C.; Martínez de la Ossa, E.J. Precipitation of submicron particles of rutin using supercritical
antisolvent process. J. Supercrit. Fluids 2016, 118, 1–10. [CrossRef]

43. De Marco, I.; Reverchon, E. Supercritical antisolvent micronization of cyclodextrins. Powder Technol. 2008, 183, 239–246. [CrossRef]
44. Jiao, M.; Wu, Z.L.; Liu, Y.; Liu, W.; Li, R. Surfactant-assisted separation of ginkgo flavonoids from Ginkgo biloba leaves using

leaching and foam fractionation. Asia-Pac. J. Chem. Eng. 2016, 11, 664–672. [CrossRef]

http://doi.org/10.1016/S1386-1425(03)00176-8
http://doi.org/10.1021/js950534b
http://doi.org/10.1351/pac200476101825
http://doi.org/10.1016/j.supflu.2010.05.028
http://doi.org/10.1038/nrd1576
http://www.ncbi.nlm.nih.gov/pubmed/15573101
http://doi.org/10.1016/j.supflu.2008.07.006
http://doi.org/10.2174/138527208784083914
http://doi.org/10.1016/j.jtice.2016.12.020
http://doi.org/10.1016/j.supflu.2017.10.026
http://doi.org/10.1016/j.jcou.2019.06.012
http://doi.org/10.1016/j.supflu.2013.08.018
http://doi.org/10.1021/acs.iecr.5b03504
http://doi.org/10.1016/j.supflu.2018.04.021
http://doi.org/10.1016/j.ejpb.2006.11.013
http://doi.org/10.1016/j.ijpharm.2016.08.007
http://doi.org/10.1111/j.1745-4530.2010.00617.x
http://doi.org/10.1016/j.molstruc.2019.126939
http://doi.org/10.1016/j.jcou.2020.101397
http://doi.org/10.1007/s11095-005-9094-7
http://www.ncbi.nlm.nih.gov/pubmed/16341573
http://doi.org/10.1023/A:1012136608249
http://www.ncbi.nlm.nih.gov/pubmed/9165524
http://doi.org/10.3390/polym10111198
http://doi.org/10.1016/j.supflu.2013.08.014
http://doi.org/10.1016/j.supflu.2006.12.015
http://doi.org/10.1016/j.supflu.2017.06.014
http://doi.org/10.1016/j.supflu.2016.07.020
http://doi.org/10.1016/j.powtec.2007.07.038
http://doi.org/10.1002/apj.1992


Polymers 2021, 13, 246 15 of 15

45. Mahmood, A.; Ahmad, M.; Sarfraz, R.M.; Minhas, M.U. β-CD based hydrogel microparticulate system to improve the solubility
of acyclovir: Optimization through in-vitro, in-vivo and toxicological evaluation. J. Drug Del. Sci.Tech. 2016, 36, 75–88. [CrossRef]

46. Al-Marzouqi, A.H.; Elwy, H.M.; Shehadi, I.; Adem, A. Physicochemical properties of antifungal drug–cyclodextrin complexes
prepared by supercritical carbon dioxide and by conventional techniques. J. Pharm. Biomed. Anal. 2009, 49, 227–233. [CrossRef]
[PubMed]

47. Moyers-Montoya, E.; García-Casillas, P.; Vargas-Requena, C.; Escobedo-González, R.; Martel-Estrada, S.-A.; Martínez-Pérez, C.A.
Polycaprolactone/amino-β-Cyclodextrin inclusion complex prepared by an electrospinning technique. Polymers 2016, 8, 395.
[CrossRef]

48. Olaru, A.; Borodi, G.; Kacso, I.; Vasilescu, M.; Bratu, I.; Cozar, O. Spectroscopic studies of the inclusion compound of lisinopril
with β-cyclodextrin. Spectroscopy 2009, 23, 191–199. [CrossRef]

49. Witschi, C.; Doelker, E. Residual solvents in pharmaceutical products: Acceptable limits, influences on physicochemical properties,
analytical methods and documented values. Eur. J. Pharm. Biopharm. 1997, 43, 215–242. [CrossRef]

50. Franco, P.; Reverchon, E.; De Marco, I. Zein/diclofenac sodium coprecipitation at micrometric and nanometric range by
supercritical antisolvent processing. J. CO2 Util. 2018, 27, 366–373. [CrossRef]

http://doi.org/10.1016/j.jddst.2016.09.005
http://doi.org/10.1016/j.jpba.2008.10.032
http://www.ncbi.nlm.nih.gov/pubmed/19062214
http://doi.org/10.3390/polym8110395
http://doi.org/10.1155/2009/837158
http://doi.org/10.1016/S0939-6411(96)00037-9
http://doi.org/10.1016/j.jcou.2018.08.015

	Introduction 
	Materials and Methods 
	Materials 
	SAS Apparatus and Procedure 
	Analytical Methods 

	Experimental Results and Discussion 
	Effect of Total Concentration on RUT/-CD Coprecipitates 
	Effect of Pressure on RUT/-CD Coprecipitates 
	Effect of RUT/-CD Molar Ratio 
	Characterization of RUT/-CD Samples 

	Conclusions and Perspectives 
	References

