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A B S T R A C T

Hibiscus sabdariffa is a plant characterized by a high content of antioxidant molecules; its aqueous extract
(karkadé) offers considerable potential benefits during the healing process. Since most antioxidant molecules are
sensitive to thermo-oxidative degradation during extraction and encapsulation processes, this study proposes a
novel application to preserve karkadé inhibition power, by entrapping it in poly-ε-caprolactone (PCL) foams.
Karkadé was obtained using Rapid Solid-Liquid Dynamic Extraction, processed at 20 ◦C and below 10 bar. The
concentration of karkadé solid residue was 195.0 ± 4.6 g/L, while the reduction of the antioxidant inhibition
power was 26.0 ± 1.4 % after 450 min of extraction, much greater than native karkadé extracted using other
techniques (>60 %). Entrapment of karkadé occurred during the preparation of 3 mg/mL PCL in an acetone
solution, which solidified upon solvent evaporation at 20 ◦C, obtaining a disk. Then, the disk was foamed using
CO2 as physical blowing agent at optimized parameters (45 ◦C, 100 bar, and sorption for 60 min). Foam density
of 180 kg/m3, cell number density of 4.1E06 cell/cm3, and an average pore dimension of 56 ± 28 µm were
obtained, with karkadé entrapment efficiency up to 97 %. This study focused on manipulating PCL foam cells
density and diameter, to influence release time of karkadé extract into an aqueous receiving medium. Different
cells diameters and number density were achieved by varying sorption time of CO2 in PCL, set at 30, 60, and 90
min, respectively. Sorption time of 60 min was demonstrated to be sufficient for creating a uniform porous
structure, while a 30 min sorption time resulted in a delayed release rate. Foams were soaked in cell culture
medium, which was then put in contact with human keratinocytes, thus demonstrating their biocompatibility up
to 9 days.

1. Introduction

The plant Hibiscus sabdariffa, a member of the Malvaceae family,
stands as a botanical specimen of considerable interest [1]. Indigenous
to tropical Africa [2–4], this plant obtained much attention for the
multifaceted attributes and applications of its aqueous extract whose
commercial name is karkadé [5] Having dark green leaves with serrated
margins, its crimson-hued fleshy calyces are particularly rich in

bioactive compounds. Recognized for its antioxidant properties, H.
sabdariffa has been extensively used in cosmetic formulations, with
demonstrated effects on hair strength and growth stimulation. Nowa-
days, H. sabdariffa continues capturing attention also for the anti-aging
properties of its extract [6–9]. The numerous molecules contained in
karkadé are known for their significant antioxidant properties [10,11],
but their preservation is particularly challenging, due to the rapid
thermal degradation they undergo using maceration or percolation
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techniques (inhibition power reduced to a value larger than 60 %) that
expose them to temperatures larger than 50 ◦C. Therefore, as common
technique used for different delivery systems (DSs), it is necessary to use
an extraction process at lower working temperatures, while designing
specific and biocompatible encapsulation devices [12].

The described issue can be addressed through the utilization of
polymeric foams loaded with bioactive molecules [13–21]. Character-
ized by a solid continuous matrix enveloping gaseous phase void, foams
represent a versatile solution to this challenge. Among the methods
commonly known for their production, gas foaming is particularly
noteworthy, finding applications in fields such as packaging, acoustic
and thermal insulation, energy absorption, separation processes, and
tissue engineering [22–26]. Carbon dioxide is the most employed
blowing agent (BA) in gas foaming, since it is not-expensive, non-toxic,
non-flammable, and non-explosive [27,28]. Moreover, supercritical
carbon dioxide is commonly used for biological applications due to its
low critical temperature (31 ◦C, which prevents compound degradation
arising above 50 ◦C), high diffusivity achieved at relatively low pres-
sures, and its inert behavior with molecules that need to be encapsulated
in DSs. Polymeric foams designed as drug DSs were demonstrated to be
particularly versatile in nutraceutical and pharmaceutical applications:
poly(lactic-co-glycolic acid) foams offer a biocompatible device for
controlled release kinetics [29–31]; polyurethane foams, designed for
flexibility and precision, serve as dynamic carriers for therapeutic agents
[32]; chitosan-based foams and foam coatings exhibit biocompatibility
and mucoadhesive properties, making them effective for targeted drug
release in wound healing andmucosal applications [33,34]. These foam-
based DSs provide a controlled and tailored drug release profiles,
enhancing bioactives efficacy.

Among polymeric foams used for drug delivery, those based on poly-
ε-caprolactone (PCL) are noteworthy [35,36]. PCL is a semicrystalline
non-hazardous polymer belonging to the family of polyesters and it is
synthesized through the ring-opening polymerization of ε-caprolactone.
PCL is characterized by a relatively low cost, minimal supply risk, and
easy modification of its biological and mechanical properties through
the manipulation of processing operating parameters. PCL has a glass
transition temperature of approximately 60 ◦C and a melting point of
about 60 ◦C [37], thus making it optimal for pharmaceutical and wound
healing applications [38,39]. Having a high blend compatibility
[40,41], PCL-based formulations are characterized by an overall mod-
erate release rate and extended degradation times in an aqueous envi-
ronment [42]. In tissue engineering, PCL scaffolds are employed for the
replacement of hard tissues, especially when wounds necessitate
extended healing times [43–45]. Moreover, PCL is particularly versatile
as DS, since it has been proposed in various administration formulations
[46–48] such as micro- and nanoparticles for oral, intravenous, and
pulmonary delivery. However, PCL-based formulations often exhibit
two drawbacks: an initial drug burst release occurring soon after
administration and high hydrophobicity, with lack of selectivity to
target tissues and unwanted drug accumulation in healthy sites, result-
ing in potential side effects.

PCL-based foams [49] engineered for topical delivery offer a versa-
tile platform with diverse applications [50], ensuring controlled release
of therapeutic agents for optimized healing. Dermatological formula-
tions, such as those for acne or eczema, utilize PCL foams to provide
targeted treatment with enhanced adherence. Additionally, PCL-based
foams are employed in transdermal drug DSs, allowing controlled
release through the skin for both dermatological and systemic applica-
tions, thus highlighting efficacy of PCL-based foams in advancing topical
delivery strategies. Indeed, patches could offer a solution for skin
penetration administration, assuring direct contact with the target tissue
and providing tunable drug release and absorption [51–54].

In this study, karkadé was obtained from H. sabdariffa using Rapid
Solid-Liquid Dynamic Extraction (RSLDE), which operates at mild
pressure and room temperature conditions [55]. Subsequently, the
aqueous extract was entrapped into polymeric foams, with the aim of

designing a patch-prototype for controlled karkadé release. PCL devices
were prepared by optimizing physical foaming parameters of PCL disks
[56]. Rigidity, pore size, pore numerical density, molecular weight,
shape, and thickness were optimized, as well as temperature and pres-
sure conditions. Another objective of this work was to obtain a light-
weight material for topical delivery, while providing an efficient and
controlled release mechanism though the variation of polymer-to-drug
ratio, that often affects release in terms of kinetic and delaying effects.
Scanning electron microscope analysis was also performed, establishing
a correlation between karkadé release time and pores number density
and dimensions. Tests with human keratinocytes completed the study to
demonstrate PCL foams biocompatibility.

2. Materials

Hibiscus sabdariffa flowers have been purchased from Blanks GmbH
& Co. KG, Uplengen, Germany, and were used in the extraction process
in the same form as they were received. Poly-ε-caprolactone (PCL) (CAS
Number 24980–41-4) has been purchased from Perstorp AB, Malmö
(Sweden), with the brand name CAPA® 6501 and has been used as
received. Its main properties are summarized in Table 1.

The extractant main component was tap water, while citric acid (CAS
number 77–92-9) and potassium sorbate (CAS number 24634–61-5)
were purchased from Alfasigma, Bologna, Italy. These components were
mixed to prepare the aqueous phase used as extracting solvent in RSLDE
process. Acetone (CAS number 67–64-1) and 2,2-diphenyl-1-picrylhy-
drazyl (CAS number1898-66–4) have been purchased from Sigma-
Aldrich, Milan, Italy. Carbon dioxide (CAS number 99.8 124–38-9)
was purchased from Sol S.p.A., Monza, Italy. Dulbecco’s modified Ea-
gle’s medium, fetal bovine serum, penicillin/streptomycin for cell cul-
ture, and phosphate buffered saline were bought from Carlo Erba, Milan,
Italy.

3. Methods

3.1. Extraction process

Karkadé has been obtained using RLSDE technique. This process has
been developed following the evolution of the double syringe method
[57]. According to this principle, the solvent was forced to overcome the
leaf barrier, thus creating a pressure gradient between the inside and the
outside of natural matter [58]. A sketch of the process is reported in
Fig. 1. In details, 100 g of H. sabdariffa flowers (indicated as “6″ in Fig. 1)
were added to a food-grade polyethylene bag inserted in the extractor
(indicated as “5” in Fig. 1) and then processes in 500 mL of tap water
containing 0.15 % (w/w) citric acid and 0.2 % (w/w) potassium sorbate.
Once closed the extractor, the liquid filled inside was compressed and
forced to overcome the natural external barrier of leaves, thus solubi-
lizing the internal molecules. This step is called “compression step”
(indicated as “3” in Fig. 1). Once reached the pressure of about 10 bar
(measured by a manometer mod. MSS208010, Comhas S.r.L., Cinisello
Balsamo, Italy, indicated as “7” in the sketch), the static phase took
place, apparently stopping the process for a defined amount of time.

Table 1
Properties of PCL (data provided by the manufacturer).

Property Value

average molecular weight 80,000 g/mol
supplied form pellet
pellet diameter 3 mm
crystalline fraction 60–70 %
density 1145 kg/m3

Tg − 60 ◦C
Tm 60 ◦C at 1 bar
water content < 1 %
elongation at break 800 %
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Then, the syringes/pistons (indicated as “1” and “2” in Fig. 1) were
released and the liquid containing the extracted molecules diffused back
to the external liquid bulk. This second phase is called dynamic and has
the same duration of compression phase (reported as “4” in Fig. 1). In
this process, a cycle of extraction had a duration of four minutes while
static phase and dynamic phase had 2 min duration each. At the end, the
solutes-enriched liquid was discharged by the extractor (indicated as “8”
in Fig. 1) and withdrawn by the operator. To determine the extraction
yield and antioxidant activity (AA) of karkadé, RLSDE process was
stopped at different time intervals (from 36 min to about 450 min) and
the aqueous extract was analyzed at each time as follows: 10 mL extract
were withdrawn after stopping the experiment, dried in a stove at 105 ◦C
and then the solid residue was weighted.

3.2. Preparation of foam precursors

As indicated in the section 3.1, the aqueous nature of karkadé makes

it impossible to directly dissolve PCL beads to create a unique mixture.
For this reason, karkadé has been previously entrapped in a PCL solid
precursor, whose preparation is described as follows. The chosen shape
for the precursor was a disk with a diameter of 25 and a height of 8 mm.
To prepare these disks, a glass vial (diameter of 27 and height of 70 mm)
has been used (Fig. 2a). In details, 3 g of PCL beads were dissolved in 3
mL acetone; the solution was heated at 80 ◦C until reaching dissolution.
Then, the solution was slowly cooled to 35 ◦C; at that temperature, a
defined amount of karkadé was added to the solution using a pipet
(Fig. 2b), while being still liquid. Following diffusion in the molten
polymeric matrix, we assumed that the distribution of karkadé during
cooling of the disk was uniform. Once the liquid has been injected, the
solution has been dried under vacuum for 120 min and then left drying
at room conditions for 24 h until solidification. The final solid disk had a
smooth surface and regular shape (Fig. 2c). Then, PCL disks were
foamed in a cubic aluminum mould, obtaining a cubic shape (Fig. 2d).

3.3. Foaming process

As shown in the sketch of Fig. 3, high-pressure autoclave (indicated
as “5″ in Fig. 3) was equipped with a heating system (indicated as “7” in
Fig. 3) and sensors for the control of temperature and pressure (indi-
cated as “1” in Fig. 3). The experiments were performed by injecting CO2
under sub-critical or supercritical conditions within the autoclave. The
autoclave was pressurized using a CO2 pump (indicated as “4” in Fig. 3)
(model Nex10, Supercritical Fluid Technologies Inc., Newark, United
States). In details, this apparatus is characterized by a stainless-steel
reactor (0.3 L internal volume, model BC-1, HiP, Erie, USA), an elec-
trical heater controlled through a PID PLC (Gefran 1850), and a pressure
transducer (model P943, H. G. Schaevitz LLC, Alliance Sensors Group,
Pennsauken, NJ, USA). Pressure and temperature data were collected
using a data acquisition system (Gefran GF_eXpress), as optimized sys-
tems in comparison to similar works [59,60]. The accuracy for the
measurements of the pressure was 0.1 bar and 0.1 ◦C for temperature,
respectively. The pressure release was activated by a discharge ball

Fig. 1. A sketch of the RLSDE process. (1) and (2) represent a schematization of
the two syringes forcing the liquid inside the reactor (5). Leaves and other
natural matter are described in (6), while (7) is the manometer and (8) the
withdrawal valve of the liquid. (3) represents the compression phase while (4)
the release phase.

Fig. 2. Images of pellets in acetone solution (a), karkadé addition to PCL in acetone solution (b), dried solid disk (c), foamed sample (d).

Fig. 3. A sketch of the foaming process: 1. Pressure gauge; 2. Electrovalve; 3.
Needle valve; 4. Pump; 5. Reactor; 6. Carbon dioxide storage; 7. Reactor
heating system.

P. Trucillo et al.
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valve (model 15–71 NFB, HiP, Erie, USA), an electromechanical actuator
(model 15–72 NFB TSR8, HiP, Erie, USA), and an electrovalve (indicated
as “2” in Fig. 3).

In details, the polymeric PCL disk was inserted in an aluminum cubic
mould and processed through physical foaming. This process consists in
first melting the polymer up to a specific fusion peak temperature; then,
a BA diffuses through the polymer, solubilizing it from the external
surfaces to the center. After reaching saturation, gas is suddenly
released, thus involving nucleation of bubbles, and the consequent for-
mation of cells. Following Fig. 3, the mould was inserted in the reactor
and heated to the desired temperature, which was defined for each
experiment within the range of 30 to 55 ◦C. The autoclave was pres-
surized with the BA until the desired pressure, defined for each experi-
ment within the range of 50 to 150 bar. Filling of CO2 in the autoclave up
to 100 bar was completed in about 6 min; in the final part of the
experiment, CO2 was released from the autoclave, thus causing a sudden
pressure reduction down to 1 bar. During pressure release, bubbles
nucleation and growth occurred, until stabilization of the foam. Release
of CO2 from the autoclave (from 100 to 1 bar) was completed in 5 ± 1 s.

The main objective of this work consists in the variation of foam
cellular density and diameter, thus resulting in different barriers to
karkadé release time in the receiving medium. To achieve this result,
CO2 in PCL sorption time was set at 30, 60, and 90 min, respectively.
Considering that carbon dioxide diffusivity (in the range of this works’
operating parameters) is included between 1E and 09 and 1E-08 m2/s
(Ushiki et al. [63]), sorption time of 60 min was estimated to be suffi-
cient to obtain a uniform porous structure. Therefore, another experi-
ment was performed with a sorption time of 30 min to obtain a not
uniform structure, while the third experiment performed at 90 min
sorption time, was aimed at demonstrating to have a similar structure
than the foam produced at 60 min.

4. Samples characterization

The AA, also defined as antioxidant power, was determined using the
2,2-diphenyl-1-picrylhydrazyl (DPPH) assay to measure the scavenging
capacity of radicals dissolved in karkadé aqueous extracts. Initially, a
0.005 % (w/w) solution of DPPH in methanol has been prepared. Af-
terwards, 100 µL of the sample were added to 900 µL of DPPH solution.
After waiting 1 h in absence of light, the absorbance was measured using
a spectrophotometer (Onda V10 Plus, Giorgio Bormac S.r.L., Milan,
Italy) at the wavelength of 517 nm, and the AA was calculated using Eq.
(1) and Eq. (2):

Antioxidant activity (AA), % =
ACTR − Asample

ACTR
*100 (1)

Inibition of the antioxidant activity, % = (100 − AA) (2)

where ACTR is the control reaction absorbance, obtained without sample,
while Asample is the specimen absorbance [61]. The inhibition of the
antioxidant power/activity was intended as a complement to 100 % of
the Eq. (2).

The densities of the foams were calculated at room temperature, as
indicated in the Eq. (3):

ρf = ρw
m1

m1 − m2
(3)

where m1 is the weight of sample measured in air medium, while m2 is
the weight of the same sample submerged in water, being ρw water
density. The Expansion Ratio (ER) is determined as the ratio of densities
before and after the foaming process.

ER =
ρnf

ρf
(4)

where ρf is the density of the foamed samples while ρnf is the density of

the not foamed sample, i.e., the solid. Foamed samples were observed
using Scanning Electron Microscopy (SEM, mod. Merlin VP compact,
Carl Zeiss, Oberkochen, Germany). Cell number density was obtained
after analyzing SEM images with Fiji software (National Institutes of
Health, Bethesda, MD, USA), indicated as the number of cells nucleated
per unit volume of the original unfoamed polymer (N0), as indicated in
Eq. (5), whose specific explanations were reported elsewhere [62].

N0 =
(n

A

)3
2 1
1 −

ρf
ρnf

(5)

where n represents the number of cells counted in the SEM image, A is
the area of the micrograph, as reported in the literature [63].

The Entrapment Efficiency (EE), intended as the amount of karkadé
retained by the polymer disk after solidification, and the karkadé release
tests from prepared foams, have been performed using the spectropho-
tometer reported above. This instrument is equipped with a single laser
optical system, power 75 W, absorbance stability of ± 0.002 Abs/h,
operating in the visible range 325–1000 nm. To measure the EE of
karkadé, foams were again dissolved in a known volume of acetone and
the karkadé absorbance was measured. Having a typical violet color,
karkadé molecules were identified by a unique absorbance peak at 340
nm, as also confirmed by the literature [64]. The EE was calculated as
follows:

EE =
Centrapped

Ctotal
*100 (6)

where the Ctotal represents the karkadé concentration in the known
initial aqueous volume injected during the preparation of the disk, while
Centrapped represents the concentration of karkadé dissolved in acetone
after foam dissolution. The ratio expressed by Eq. (6) is the general
formula used to calculate the EE in drug loaded systems [65–67]; in this
case, it is related to the amount of karkadé extract that was efficiently
retained by the foamed polymer after gas release. To perform these
experiments, calibration curves of karkadè in acetone and water have
been prepared (Figure S1).

Preliminary foams geometry was achieved with a rectangular
aluminum mould having a free volume of 40 × 40 × 10 mm3. Patch-like
foamed samples were produced using a different mould geometry. In
particular, the mould had dimensions of 95 × 12 × 10 mm3, with a PCL
beads mass of 3 g per experiment. Being the patch prototype made by a
single material, the EE was measured in the center and also at the ex-
tremities of the sample. Moreover, to assess cell viability, PCL foams
underwent a rigorous sterilization process. Initially, they were immersed
in a solution of phosphate buffered saline containing penicillin/strep-
tomycin (1 %, v/v) for 15 min under sterile conditions. Subsequently,
the foams underwent two additional washing steps, each lasting 8 min,
using the same solution. Then, the foams were completely immersed in
Dulbecco’s modified Eagle’s medium (DMEM) enriched with fetal
bovine serum (10 %, v/v) and placed in a shaker (Continental Instru-
ment, Milan, Italy) at 7 rpm and stored at 37 ± 2 ◦C (incubator INCU-
Line 250R Premium, VWR International, Radnor, PA, USA) for a total
period of 20 h. This facilitated the recovery of various molecules
released from the foams, obtaining conditioned media (CM).
Throughout the extraction process, a consistent solid/liquid ratio of 1:10
(w/v) was maintained.

Human keratinocytes (HaCaT cells) were used to evaluate potential
cytotoxicity of PCL foams. However, to take into consideration the ef-
fects of the released molecules and the degradation by-products, the
extraction process was conducted without direct contact with the cells
for 20 h. Prior to interaction with the CM, HaCaT cells were seeded at a
density of 4 × 103/well in a 96-well plate containing complete medium.
Cell viability was then assessed using the CellTiter96® AQueous One
Solution Cell Proliferation Assay according to the manufacturer’s pro-
tocol (Promega, Madison, WI, USA). Briefly, at various time-points (1, 2,
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3, 4, 5, and 9 days), 20 μL of the reagent was added to each culture well,
and the resulting formazan product, generated by the bioreduction of
tetrazolium by cells, was measured spectrophotometrically at 492 nm
using a microplate reader (GloMax® Discover, Promega, Madison, WI,
USA). All experiments were conducted in triplicate to ensure the accu-
racy and reliability of the results.

5. Results

5.1. Extraction of karkadé mixture

The initial concentration of flowers in tap water was 200 g/L (i.e.,
100 g H. sabdariffa in 0.5 L tap water). Karkadé extracted using RSLDE
technique has been characterized in terms of solid residue and inhibition
of the antioxidant power. Experiments and relative measurements were
performed in triplicates at regular time intervals during extraction
process (see Table 2).

The concentration plateau was easily reached after about 6 h, with a
solid residue concentration of 188.4 ± 5.0 g/L. In the following hours,
only a slight increase in solid residue concentration was achieved. Due
to the low increase of extraction yield and to the significant increase of
the antioxidant inhibition power, it was considered not convenient to
continue the extraction over 450 min extraction cycles. Indeed, the in-
hibition of the antioxidant power stabilized on a value of about 15 %
until 268 min extraction; however, in the period included among 270
and 450 min, the antioxidant inhibition power was increased from 15 to
26 %, probably due to degradation phenomena. Therefore, in the
following experiments, the extract entrapped in foams was withdrawn
after at 270 min extraction.

5.2. Foaming

5.2.1. Effect of temperature and pressure
The first foaming experiments were aimed at finding the best con-

ditions of temperature and pressure, to achieve the highest ER. Ac-
cording to results already present in literature [68], the range of
temperature values explored in this study was 30–55 ◦C, lower than PCL
melting temperature (60 ◦C) at 1 bar. The use of processing tempera-
tures lower than melting point is possible, considering the plasticization
effect [69] exerted by carbon dioxide in supercritical conditions. In these
experiments, the pressure was set at 100 bar; therefore, the plasticizing
effect of carbon dioxide reduced melting temperature in the range
20–30 ◦C, as reported in the literature [70]. Temperature never excee-
ded 55 ◦C to avoid thermal degradation of bioactive molecules.

The effect of temperature was studied by setting a sorption time of
90 min, overestimated considering diffusivity [71] values reported for
carbon dioxide in PCL [72,73]. The precursor was a 3 g PCL disk, pre-
pared as described in section 3.2. Values of densities were calculated
using Eq. (3) and the ER with Eq. (4) (see Section 4).

Considering results reported in Table 3, the effect of temperature

significantly modified the rigidity of the materials, as well as the final
density. At the end of this temperature range exploration, a minimum
density of about 180 kg/m3 was achieved at the temperature of 45 ◦C.
Therefore, all the following experiments were performed by setting this
temperature value.

The effect of pressure was another operating parameter studied in
this work. Also in this case, according to the previously reported liter-
ature [72,73], a range between 50 and 150 bar was explored, while all
the previous conditions were left constant. By working at sub-critical
pressure (50 bar), the density of the foam was almost identical to the
not foamed PCL (1145 kg/m3); indeed, in this case, the disk appeared
almost unchanged in terms of ER. At these conditions (45 ◦C and 50 bar),
the polymer remained in solid conditions without reaching melting
peak. Therefore, sub-critical pressure (50 bar) was not sufficient to
operate with PCL beads. At 75 bar, the density of the foam significantly
decreased to about 350 kg/m3, while at 100 bar, density was 180 ± 20
kg/m3. At the largest pressure explored (150 bar), a quite similar density
of about 210 kg/m3 was obtained, considering measurement errors.
Therefore, operating at 100 bar represented the best working condition
to minimize the mass of CO2 and to maximize the expansion ratio of PCL
foams.

5.2.2. Production of foams loaded with karkadé
In this section of the work, foams incorporating karkadé were

designed using a cubic mould geometry. As detailed in the Methods
section, a defined amount of aqueous extract was entrapped within PCL
disks before cooling and drying, thus defining a specific polymer-to-drug
ratio. Subsequently, the disks were subjected to a high-pressure foaming
procedure, as described earlier. The objective of these experiments was
to maximize the incorporation of karkadé in foams while achieving
tunable release the inner core to the external aqueous bulk. According to
previous experiments performed on unloaded foams, temperature was
set at 45 ◦C, pressure at 100 bar, while sorption time at 30, 60, and 90
min, respectively. The extract mass was also varied from 0.10 to 0.6 g,
corresponding to a polymer-to-drug ratio of 30, 10, and 5 g/g, respec-
tively, as reported in Table 4.

As indicated in Table 4, a sorption time of 30 min resulted in the
production of a not uniform foamed sample, thus having an average
density of about 350 kg/m3; instead, 60 min corresponded to a sufficient

Table 2
Extractive yield and AA monitored over time during RLSDE.

Extraction time,
min

Solid residue, g/
L

Inhibition of antioxidant power/activity,
%

0 0 0
36 21.6 ± 2.5 15.8 ± 1.5
72 43.6 ± 3.1 14.8 ± 2.0
112 75.1 ± 2.9 15.5 ± 1.7
148 105.8 ± 3.5 15.1 ± 2.5
208 132.2 ± 2.4 14.5 ± 3.4
268 157.4 ± 2.7 15.1 ± 3.0
328 177.5 ± 3.8 19.5 ± 1.7
358 188.4 ± 5.0 20.0 ± 2.0
388 193.1 ± 4.5 21.5 ± 2.1
418 195.0 ± 4.9 25.1 ± 1.9
448 195.0 ± 4.6 26.0 ± 1.4

Table 3
Density and ER of unloaded foams produced at 90 min sorption time.

Temperature, ◦C Pressure, bar Foam density, kg/m3 ER, %

30 100 260 ± 30 440 ± 103
40 100 270 ± 20 424 ± 63
42 100 290 ± 30 395 ± 83
45 50 1150 ± 20 100 ± 3
45 75 350 ± 30 327 ± 56
45 100 180 ± 20 636 ± 143
45 150 210 ± 20 545 ± 105
48 100 560 ± 30 204 ± 22
55 100 500 ± 40 229 ± 37

Table 4
Foams prepared at 100 bar and 45 ◦C, loaded with karkadé at different PCL/
extract ratio.

Sorption time,
min

Polymer-to-Drug ratio,
g/g

Foam density, kg/
m3

EE foam,
%

30 30 350 ± 30 91.6 ± 0.9
30 10 360 ± 40 90.5 ± 0.5
30 5 340 ± 50 92.3 ± 0.3
60 30 190 ± 30 97.3 ± 0.8
60 10 200 ± 20 91.5 ± 0.5
60 5 190 ± 30 89.3 ± 0.9
90 30 210 ± 20 90.5 ± 0.5
90 10 220 ± 10 94.4 ± 0.7
90 5 200 ± 20 91.7 ± 0.3
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sorption time to obtain a uniform foam, having a density of about 190
kg/m3. By working with a 30 min excess time (total sorption of 90 min),
samples had similar density than the ones produced at 60 min sorption.
Compared to unloaded foams, the density of uniform and not uniform
samples was not significantly affected by the presence of karkadé.
Moreover, each sample revealed a negligible karkadé loss due to foaming
process.

5.2.3. SEM characterization
As indicated in the Methods section, foams were obtained with a gas

release rate of about 15 bar/s. Therefore, pressure drop was essential for
obtaining highly interconnected porosities. Since the surface of the
samples was smooth and characterized by closed cells, the observations
and further pores characterization were performed on a section of the
sample. The sample analyzed in Fig. 4a and Fig. 4b was processed at 100
bar, 45 ◦C and 60 min and was not loaded with karkadé extract. Instead,
while Fig. 4c and Fig. 4d reports a foam produced at the same conditions
with 0.30 g karkadé loading.

The images in Fig. 4a and Fig. 4b depict a uniform porous structure
and are related to a drug-free sample, with an average density of 180 ±

20 kg/m3 (see the experiment performed at 45 ◦C and 100 bar reported
in Table 3). Analyzing Fig. 4b, a pore cell density of 4.1E6 cells/cm3, a
void fraction of 0.84, an average pore size of 56 ± 28 µm, and an isot-
ropy factor of 77 % were detected.

The images reported in Fig. 4c and Fig. 4d correspond to a sample
processed under the same operating conditions but containing 10 g/g
polymer-to-karkadé ratio. Also in this case, a uniform porous structure
was achieved, with an average density of 200 ± 20 kg/m3. Analyzing
Fig. 4c, a cell density of 4.2E5 cells/cm3, a void fraction of 0.83, an
average pore diameter of 97 ± 63 µm, and an isotropy factor of 89 %
were detected.

Having similar densities, void fraction was not significantly affected
by the presence of karkadé. However, the presence of the bioactive
induced polymer-drug interactions, thus inducing coalescence phe-
nomena and an increase of cell size and sphericity, while decreasing the
cell numerosity. As a final comment, the microporosity induced by gas
expansion was characterized by a good degree of interconnection, as

shown in both loaded and not loaded samples, constituting a unique
porous network interconnected by quite uniform distribution.

5.2.4. Release kinetics
Release profiles obtained from foams produced at 45 ◦C and 100 bar

were compared, considering the effect of karkadé mass entrapped
(Fig. 5a and Fig. 5b).

The effect of PCL-to-karkadé ratio on release rate has been reported
in Fig. 5a. A lower content of karkadé in the processed foam resulted in a
reduced cumulative release time of the extract. The release kinetic ob-
tained for a ratio of 30 g/g reached its plateau after around 250 min,
while the 10 g/g loaded sample after 600 min, while the most concen-
trated foam ended release after 750 min. While the initial burst may be
similar for three cases (drug adsorbed on external cells in-
terconnections), a larger release time is needed for most concentrated
samples to desorb larger amount of karkadé.

The comparison of release kinetics from homogenous and not uni-
form loaded foams was shown in Fig. 5b. In order to perform this
comparison, the amount of extract entrapped in these three samples was
set at 0.30 g. Pore structure obtained with a sorption time of 30 min
offered a more compact barrier to karkadé diffusion to the external
aqueous bulk, than homogenous samples. Indeed, plateau was reached
after over 1200 min. Instead, the sample prepared with 60 min sorption
time resulted in a uniform pore creation, offering a less compact barrier
to diffusion than not homogenous sample, thus resulting into a plateau
of about 600 min. Similarly, the sample prepared with 90 min sorption
time ended release of karkadé in about 620 min, thus confirming an
almost overlapping behavior and a similar pore uniform structure. The
behavior of not homogenous foam (30 min sorption time) could be
considered as an additional resistance to diffusion, thus resulting in
delayed karkadé release. This controlled release system could be linked
to sorption time and being considered a process parameter to avoid side
effects or unpleasant accumulation above toxic levels. In general, this
tunability could be intended as an advantage in release kinetics, thus
regulating the amount of molecule absorbed by cells.

Samples reported in Fig. 5b were also employed to measure the in-
hibition of the antioxidant power. In particular, the receiving aqueous

Fig. 4. SEM of unloaded PCL foam produced at 45 ◦C and 100 bar and 60 min with a magnitude of 50 × (a) and 150 × (b); PCL foam loaded with theoretical karkadé
extract of 0.30 g, at the magnitude of 50 × (c) and 200 × (d).
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medium was withdrawn after the end of karkadé release and analyzed
using the DPPH method, as described above. In particular, the samples
produced with 30 min sorption resulted into inhibition of 32 %, while
the other two were characterized by 28 and 31 %. This could be ascribed
to the fact that saturated polymer offers a more homogeneous barrier
(thus protection) to karkadé extract. This demonstrated that neither the
foaming process affected significantly the antioxidant power of karkadé.

5.2.5. Production of a patch-like prototype
Following the results previously presented, the design of a first

prototype of a commercial-like PCL patch has been attempted, with the
aim of assessing the scalability of the high-pressure foaming process.
While previous experiments were performed using a cubic aluminum
mould, the creation of a patch-like foamed sample was supported by a
rectangular geometry (95 × 12 × 10 mm3). As it is possible to see in
Fig. 6a, a sample with a larger volume at the center and lower volume at
the two sides was produced. Temperature was set at 45 ◦C, pressure at
100 bar, and sorption time at 60 min. Properties of unloaded and
karkadé-loaded foams were compared. Entrapment condition (30 g/g

polymer-to-drug ratio) was chosen according to the highest EE obtained
in previous experiments.

Concerning the unloaded sample, a density of 230 ± 40 kg/m3 was
achieved in the center of the patch-like sample, while a density of 350 ±

30 kg/m3 was achieved at the samples extremities, due to the different
free volume zones available for free expansion of PCL. Loaded sample
replicated the same trend of the unloaded one. Since karkadé EE was
higher in the sides (91.5 %) and equal to 81.3 % in the center, it could be
affirmed that there is a competing different release rate of karkadé
among the sides and the center, thus contributing to the tunability of the

Fig. 5. PCL foams release tests evaluating polymer-to-drug ratio (a) and foaming sorption time (b) effects.

Fig. 6. Patch-like foamed sample: macroscopic (a) and SEM observations at the extremities (b) and in the center (c).

Table 5
Patch-like unloaded and loaded foams.

Mould geometry Zone Foam density, kg/m3 EE foam, % ER, %

unloaded side 350 ± 30 − 325
core 230 ± 40 − 505

loaded side 320 ± 20 91.5 358
core 260 ± 20 81.3 445
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patch-like sample (Table 5). Fig. 6 reports representative photograph
and microphotographs of the extremity (Fig. 6b) and of the center
(Fig. 6c) of patch-like samples.

Fig. 6b represents one of the two sides of the patch-like prototype; as
it is possible to see, it has a different structure than Fig. 6c. This last,
being taken from the observation of the sample center, appears more
uniform than the sides, also considering its lower cell number density
(7.7E05 cell/cm3) and larger pore diameter (64 ± 47 µm). Concerning
the sides, Fig. 6b revealed a wider distribution of pores (cell number
density of 3.6E06 cell/cm3 and pores dimensions of 35 ± 32 µm). Cell
density in the center had similar order of magnitude of the loaded
sample reported in Fig. 4c. Smaller pores and larger cell density found in
the sides are due to the different mass distribution among sample areas.
This difference in pores distribution could be furthermore improved to
adapt this patch to human skin.

5.2.6. Cell viability
In recent years, there has been a growing interest in developing

materials that not only serve their intended purposes efficiently but also
interact harmoniously with biological systems. Biocompatibility, a
crucial aspect in medical and biological applications, ensures that ma-
terials do not elicit adverse reactions when in contact with living tissues.
In this study, we investigate the biocompatibility of the produced foams,
aiming to assess their suitability for biomedical applications. To achieve
this goal, human keratinocyte cells (HaCaT) have been used. The cell
viability was registered, over a total period of 9 days by MTS assay,
culturing cells in CM obtained soaking the foams in DMEM. As indicated
in Fig. 7, the control was represented by cells grown in the absence of
foams.

As shown in Fig. 7, the presence of foams in CM did not interfere with
cellular vitality and growth. The bioactive molecules, released after 20 h
of soaking, reached concentrations highly compatible with keratino-
cytes. In vitro studies revealed high cell viability and proliferation,
indicating excellent cytocompatibility. The observed biocompatibility of
the studied foams suggests their promising potential for various
biomedical applications. Their ability to support cell growth and tissue
integration without eliciting adverse reactions signifies their suitability
for tissue engineering, wound healing, and implantable medical devices.
Furthermore, the versatility in foam composition and properties offers
opportunities for tailored applications in specific biomedical contexts
[74].

6. Conclusions

The primary objective of this study was to investigate optimal
operating parameters to produce PCL foams through high pressure
physical foaming. The project was addressed at the development of a
biocompatible and lightweight foam for the controlled release of natu-
rally occurring therapeutic extracts. After successfully reproducing and
validating the results found in the literature, karkadé-loaded samples
were produced, with a significant preservation of their AA despite the
exposure to the foaming agent at high pressure conditions. The study
examined polymer-to-drug ratio on release kinetics, revealing a consis-
tent trend: lower extract content corresponded to shorter release times.
Furthermore, comparing release kinetics between uniform and not
uniform foams showed that sorption time affected pore distribution, cell
density and dimensions. Shorter sorption times resulted in denser bar-
riers to karkadé diffusion, leading to prolonged release durations.
Conversely, longer sorption times yielded more uniform pore structures
and less dense barriers, resulting in shorter karkadé release durations.
This release system, regulated by sorption time, represents a significant
achievement for fine-tuning drug delivery to mitigate adverse effects or
toxicity and providing precise control over molecule uptake by cells.
Indeed, the patch-like samples have been demonstrated to be biocom-
patible with skin cells, opening to a range of potential applications in the
cosmetic and pharmaceutical fields.
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