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Abstract

Galangin is a phenolic compound with antioxidant and anti-tyrosinase activity, which makes it highly useful in cosmetics
and medicine. However, the poor solubility of galangin in water limits its usefulness in these areas. This study it is aimed
to increase the solubility of galangin in water by encapsulation method. Therefore, in this study, ethanolic and methanolic
extracts were obtained from Alpinia officinarum Hance, and the phenolic compound profile and content of the extracts were
determined by HPLC-DAD. Galangin was purified and fractionated from Alpinia officinarum Hance extracts by column
chromatography. Galangin was encapsulated with p-cyclodextrin, and galangin-p-cyclodextrin loaded alginate hydrogel
microparticles were developed. The central composite design-response surface methodology was used to develop galangin-
B-cyclodextrin loaded alginate hydrogel microparticles under optimum conditions with maximum galangin release. The
encapsulation efficiency and release of galangin in galangin-p-cyclodextrin loaded alginate hydrogel microparticles devel-
oped under optimum conditions were characterized by HPLC-DAD, surface morphology by SEM, and structural properties
by FTIR.
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Introduction

Alpinia officinarum Hance (smaller galanga; AO) is a mem-
ber of the Zingiberaceae family, which has rhizomes with
dark brown-reddish color and aromatic odor, and its origin in
Asian countries [1-3]. Its roots have been used for centuries
as a fragrance and spice in food and as a drug for various
diseases such as diabetes, ulcers, and bronchitis in traditional
medicine [4, 5]. AO has a wide variety of bioactive compo-
nents, for instance, proteins, amino acids, alkaloids, sterols,
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saponins, phenylpropanoids, diarylheptanoids, and phenolic
compounds [6]. Besides this, all its rich bioactive content, it
has valuable flavonoid content, e.g., galangin, 3-O-methyl
galangin, kaempferide, isorhamnetin, quercetin, and kaemp-
ferol [7, 8].

Galangin (GAL) is the main component of Alpinia offici-
narum Hance. GAL belongs to the class of flavonols from
flavonoids [9]. Many studies have revealed that GAL has
antioxidant, anti-inflammatory, antimicrobial, antiarthritis,
anticancer, neuroprotective, hepatoprotective, anti-atopic
dermatitis, and anti-wrinkle properties [10, 11]. However,
the fact that GAL is a weakly acidic compound and not eas-
ily soluble in water is the reason why it is the most lipophilic
compound among flavonoids such as quercetin, kaempferol,
morin, and myricetin [12]. Due to its poor solubility in
water, GAL has low bioaccessibility and bioavailability, and
therefore the medicinal use of GAL is limited [13].

Active substances such as GAL, which have medicinally
beneficial properties but whose use is very limited due to
poor solubility, low bioavailability, etc., can be loaded into
various carrier systems using encapsulation. In order to uti-
lize the biological activities of galangin more effectively,
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carrier systems have been developed using various encapsu-
lation techniques in the literature. These include liposomes
[14—18], niosomes [13], micelles [19, 20], emulsions [21],
nanoparticles [22-25], cyclodextrin complexes [26, 27] and
hydrogels [28]. The authors reported that with the carrier
systems used, the limitation of low bioavailability as a result
of the hydrophobic property of galangin was overcome, and
the targeted biological activity was increased [29].
Hydrogels are hydrophilic, three-dimensional structures
consisting of cross-linked polymer networks. The hydro-
philic nature of hydrogels enables them to hold a high
proportion of water in their structure [30]. Hydrogels have
an advantageous properties such as high water absorption
capacity, elastic structure, biocompatibility, low toxicity,
easy functionalization, targeted delivery, and controlled drug
release [31]. Hydrogels are mainly formed from polymers/
polymer blends and cross-linkers. Synthetic and natural pol-
ymers can be used in the production of hydrogels. The most
commonly used natural polymers are alginate, collagen,
chitosan, hyaluronic acid, gelatin, and the most commonly
used synthetic polymers are polyethylene glycol derivatives,
polyvinylalcohol, polyurethane, and polycaprolactone [32].
Sodium alginate is the sodium salt form of alginic acid
from marine algae and has a hydrophilic structure. Alginic
acid is a linear block copolymer polysaccharide consisting
of B-D-mannuronic acid and a-L-glucuronic acid residues
joined by 1,4-glycosidic linkages and has high gelling abil-
ity. Alginate interacts strongly with cations and has strong
cross-linking ability. It is most commonly used with calcium
ions as a cross-linker, and ion exchange occurs between cal-
cium and alginate during gel formation, calcium ions form
the egg-box structure with carboxyl and hydroxyl groups in
alginate. Hydrogels are produced by chemical cross-linking
techniques with covalent bonds and physical cross-linking
techniques with hydrogen bonding, electrostatic and hydro-
phobic interactions [33]. Therefore, it is very suitable for
hydrogel formation. In addition, it is frequently used in
hydrogel production because it is non-toxic, biocompat-
ible, and provides high water absorption capacity due to the
extensive hydrogel network it forms when cross-linked [34].
Hydrogels can be designed in macro, micro, and nano
size with various strategies and techniques. The macro-size
range of mm to cm and micro-size range of 1-1000 pm are
called microgels or hydrogel microparticles. Due to their
small size, hydrogel microparticles have a large surface area
and polymeric network to interact with drugs and load drugs
into their centers [35, 36]. Under these properties, hydrogel
microparticles (HMPs) are often preferred in developing
controlled and sustained release delivery systems of nano-
particles, living cells, and drugs [37]. In addition, HMPs are
frequently used as carrier systems for phenolic compounds,
nutritional and flavor components, which have therapeutic
effects but have low bioavailability, solubility, and stability
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in environmental conditions [38]. HMPs play an active role
in developing drugs and injectable gels for medical applica-
tions and creams and gels for cosmetic applications [39, 40].
GAL is a phenolic compound suitable for cosmetics due
to its antioxidant, antimicrobial, anti-wrinkle, anti-tyrosi-
nase, and antimelanogenic activities. However, due to the
low solubility and release rate of GAL, it cannot be used
effectively without carrier systems. Therefore, in this study,
hydrogel microparticles (GAL-pB-CD-ALG HMPs) were
developed with GAL-B-CD encapsulate. Unlike the other
studies in the literature given above, galangin complex was
formed with f-CD, whose outer surface is hydrophilic but
the cavity on the inner surface is hydrophobic, and this
complex was loaded into the hydrogel network formed with
alginate. Due to the poor ability of hydrogels formed with
alginate to encapsulate small-size molecules, galangin-p-CD
complex was constructed. While the hydrophilic region of
B-CD interacts with the hydrogel network, the hydropho-
bic cavity interacts with galangin. Considering this theory,
high encapsulation efficiency and increasing the solubility
and release of GAL was targeted. The encapsulation effi-
ciency, surface morphology, size, and structural properties
of obtained GAL-B-CD-ALG HMPs were characterized.

Materials and Methods
Materials

p-cyclodextrin, acetonitrile, alginic acid sodium salt, p-cou-
maric acid, quercetin, and kaempferol were purchased from
Sigma-Aldrich (St. Louis, MO., USA). Ethanol, methanol,
tri-sodium citrate dihydrate, calcium chloride dihydrate, and
formic acid were purchased from Merck (Darmstadt, Ger-
many). Citric acid monohydrate was purchased from Kimet-
san. Galangin was purchased from Extrasynthese. Alpinia
officinarum Hance root powder was purchased from a local
market in Bursa, Tiirkiye.

Methods

Extraction of Alpinia officinarum Hance

To extract phenolic compounds from AO, 100 mL of solvent
(80% EtOH or 80% MeOH) was added to 20 g of AO root
powder. It was extracted at 10°C for 4 h and then filtered
with filter paper (Whatman No.1) and stored at 4°C until
use [41].

Chromatographic Analysis

The determination of phenolic compound profile and
quantitation was studied by HPLC-DAD (Agilent 1200 Series,
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USA) using the Karkar et al., method. The chromatographic
separations of phenolic compounds were performed using
an XBridge® C18 (4.6 X250 mm, 3.5 pm) column (Waters,
USA). The gradient mobile phase contained 1% formic acid
(solvent A) and acetonitrile (solvent B) in water, the flow rate
was 0.5 mL/min, the column temperature was 25 °C, and the
injection volume of samples was 10 pL. The quantitation of
phenolic compounds was calculated by the standard calibration
graph of phenolic compounds [42].

Fractionation of Alpinia officinarum Hance by Column
Chromatography

The purification and fractionation of 80% ethanolic and 80%
methanolic extract of AO were studied by column chroma-
tography. Briefly, the glass column was filled with Sephadex
LH-20 and connected to a peristaltic pump (Watson Marlow,
USA). Then, 10 mL of extract (80% ethanolic and 80% metha-
nolic extract) was passed through the column, followed by
100 mL of solvent (ethanol or methanol), and 3 mL of frac-
tions were collected. After measuring the UV absorption of the
obtained ethanolic and methanolic fractions at 320 and 360 nm
by UV-Vis spectrophotometer (Varian, Cary 50 Conc) [43], the
amount of phenolic compounds of fractions was analyzed by
the HPLC-DAD method described in chromatographic anal-
ysis. The ethanolic and methanolic fractions of AO extracts
obtained after purification by column chromatography were
combined and used in further steps.

Hydrogel Microparticles-Based Encapsulation of GAL

For the encapsulation of GAL into HMPs, firstly GAL-f-
cyclodextrin (GAL-B-CD) inclusion complex was generated.
For the formation of the inclusion complex, GAL purified
from ethanolic and methanolic extracts was used. To prepare
the GAL-B-CD complex, 25 mg of GAL (purified from ethanol
and methanol extract of AO extract) was added to 2 g of p-CD
and stirred at 50°C with a magnetic stirrer until the solvent
evaporated. The GAL-B-CD inclusion complex (GAL-B-CD)
was obtained. For the preparation of HMPs, the GAL-B-CD
(0.1-0.9%) and ALG (0.5-2.5%) solution were homogenized.
The solution was added dropwise with an injector to 50 mL
CaCl, (1.0-3.0%) solution stirred at 125 rpm for 10-50 min.
The GAL-B-CD-ALG HMPs obtained at the end of the stirring
process were filtered through filter paper, washed with 20 mL
of distilled water, and dried at room temperature.

Experimental Design

In this study, four parameters (input factors), ALG quan-
tity, CaCl, quantity, time, and GAL-B-CD quantity were
selected to generate GAL-B-CD-ALG HMPs with maximum

efficiency. In the experimental design, GAL release (output
factor) was selected as the response. These parameters and
their combinations were determined using Central Com-
posite Design (CCD) to determine the optimum conditions
required to achieve maximum GAL release [44, 45]. The
ranges of the four parameters studied for the CCD are given
in Table 1.

The total number of experiments (N) in a CCD can be
calculated using the following Eq. (1):

N= 2"+ 2k+x, (1)

where k represents the number of variables, and X, is the
replicate number of the center point. In this study, CCD
(five-level, four-factor) was applied, which required thirty
experiments (six replicates) for the optimization of GAL-f-
CD-ALG HMPs generation parameters (Table 2).

Multiple regression analysis was applied to the experi-
mental data from the thirty experiments, and the following
Eq. (2), including all interaction terms, was then used to
calculate the predicted response:

4 4
y = b, + Zbixi + z:biixi2
i=1 i=1

where y is the response, b, is the constant, b;, b;;, bij are
linear, quadratic, and interaction effects, respectively, and x;
and x; are independent variables. The analysis of variance
(ANOVA), regression analysis, and response surface plots
were plotted using Design Expert 7.0.0 software (Stat-Ease
Inc., USA) for statistical analysis results to determine the
optimum conditions for HMPs generation.

34
+ Z 2 byxx; )

i=1 j=it]

Release Study of HMPs

GAL release (response of experimental design) of GAL-p-
CD-ALG HMPs was determined by the chromatographic
method described in chromatographic analysis. Briefly,
0.15 g of HMPs and 2 mL of citrate buffer (pH 5.5) were
vortexed for 2 min and incubated at 37°C for 1 h. After

Table 1 Independent factors and their levels used for central compos-
ite design

Independent factor Level

-2 -1 0 1 2
ALG quantity (w/v %) 0.5 1.0 1.5 2.0 2.5
CaCl, quantity (w/v %) 1.0 1.5 2.0 2.5 3.0
Time (min) 10 20 30 40 50

GAL-B-CD quantity (w/v %) 0.1 0.3 0.5 0.7 0.9

ALG Sodium alginate, GAL-B-CD -cyclodextrin-GALencapsulate,
GAL Galangin
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Table 2 Central composite design of factors with coded values

Treatment  Factors

X X, X3 X4

ALG quantity  CaCl, quantity  Time GAL-B-CD

wWiv %) (WIV %) (min)  quantity

(wiv %)

1 1 1.5 20 0.3
2 2 1.5 20 0.3
3 1 2.5 20 0.3
4 2 2.5 20 0.3
5 1 1.5 40 0.3
6 2 1.5 40 0.3
7 1 2.5 40 0.3
8 2 2.5 40 0.3
9 1 1.5 20 0.7
10 2 1.5 20 0.7
11 1 2.5 20 0.7
12 2 2.5 20 0.7
13 1 1.5 40 0.7
14 2 1.5 40 0.7
15 1 2.5 40 0.7
16 2 2.5 40 0.7
17 0.5 2 30 0.5
18 2.5 2 30 0.5
19 1.5 1 30 0.5
20 1.5 3 30 0.5
21 1.5 2 10 0.5
22 1.5 2 50 0.5
23 1.5 2 30 0.1
24 1.5 2 30 0.9
25 1.5 2 30 0.5
26 1.5 2 30 0.5
27 1.5 2 30 0.5
28 1.5 2 30 0.5
29 1.5 2 30 0.5
30 1.5 2 30 0.5

incubation, the amounts of GAL remaining in the superna-
tant were determined by the HPLC-DAD method.

Characterization of HMPs

The GAL-B-CD-ALG HMPs samples were dried at room
temperature for 24 h before the FTIR and SEM analysis.

FTIR Analysis
The structural characterization of GAL-3-CD-ALG HMPs

was studied by FTIR spectrometer (Perkin Elmer, Spectrum
100, USA) in 400-4000 cm™" frequency range.
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SEM Analysis

The morphological characterization and size of GAL-f-
CD-ALG HMPs were studied by SEM (Scanning Electron
Microscopy, Carl Zeiss Evo 40, Germany) at 20.0 kV and
200 X-3.00 KX magnification. The dried hydrogels were
placed on aluminum plates and covered with gold.

Encapsulation Efficiency

Encapsulation efficiency was determined by the release
study of HMPs. Encapsulation efficiency was determined
by this equation:

initial —

Encapsulation efficiency(%) = free % 100

initial
Winitiar : The initial amount of GAL, Wy, : The released
amount of GAL.

Result and Discussion

Determination and Quantitation of Phenolic
Compound by HPLC-DAD

The phenolic compound profile of AO was determined by
HPLC-DAD. According to HPLC analysis, 80% ethanolic
and 80% methanolic extract contains GAL, p-coumaric
acid, quercetin, and kaempferol. The most intense peak
belongs to GAL, and GAL is the main component of AO.
Similarly, Tao et al., reported that the methanolic extract
of Alpinia officinarum Hance had two components, GAL
and 3-O-methyl galangin, in the extract by HPLC analysis
and that GAL was the main component [7]. The quantity
of phenolic compounds in the extracts of AO was cal-
culated using calibration graphs of phenolic compound
standards. According to the results of the quantitative
analysis of phenolic compounds, the AO ethanolic extract
contains 11.4343 +0.0729 mg/g GAL, 6.1 +0.1 ug/g
p-coumaric acid, 61.2+ 1.5 pg/g quercetin and
219.9 + 1.5 pg/g kaempferol. AO methanolic extract con-
tains 10.4906 +0.1146 mg/g GAL, 3.1 +£0.2 pg/g p-cou-
maric acid, 60.4 +0.2 pg/g quercetin and 196.8 + 1.8 ug/g
kaempferol. Pirzadeh et al., reported that the main compo-
nents in the extract were GAL, kaempferol, and quercetin,
and their amounts of 5.8 mg/g, 10.8 mg/g, and 4.25 mg/g
as a result of HPLC analysis of the hydroalcoholic (40%
ethanol) extract of Alpinia officinarum Hance [46]. Simi-
larly, Li et al., showed that the main bioactive components
of Alpinia officinarum Hance extract (95% ethanol) were
quercetin, kaempferol, and galangin and explained that
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galangin was the main component of the Alpinia offici-
narum Hance extract, similar to the result of our study
[47].

Fractionation of Alpinia officinarum Hance

According to the data obtained from HPLC-DAD analy-
sis, 0.4454 mg/g quercetin, 3.2345 mg/g kaempferol,
217.056 mg/g GAL, and 0.0102 mg/g p-coumaric acid
was quantified in the ethanolic extract of AO after purifi-
cation. The amount of quercetin 0.3842 mg/g, kaempferol
3.0146 mg/g, p-coumaric acid 0.0041 mg/g, and GAL in
the extract increased by approximately 205 mg/g with the
purification process. As a result of this increase, GAL con-
stituted 98.33% of the phenolic compound content in the eth-
anolic extract. In the methanolic extract of AO, 0.3885 mg/g
quercetin, 3.0028 mg/g kaempferol, 215.4150 mg/g GAL,
and 0.0117 mg/g p-coumaric acid were determined after
purification. The amount of quercetin 0.3281 mg/g, kaemp-
ferol 2.8060 mg/g, p-coumaric acid 0.0086 mg/g, and GAL
in the extract increased by about 205 mg/g with the purifica-
tion process. As a result of this increase, GAL constituted
98.44% of the phenolic compound content in the ethanolic
extract. Fang et al., purified 99.30% galangin from the ethyl
acetate fraction of the ethanolic extract of Alpinia offici-
narum Hance using high-speed counter-current chromatog-
raphy (HSCCC). Although the method we used in our study
is basically the same as HSCCC, it is much simpler than
HSCCC and lacks automation, galangin was purified with
98.33% purity with a purity difference of about 1.00% [48].

Experimental Design
Fitting the Model

The generation parameters of GAL-B-CD-ALG HMPs were
optimized by RSM-CCD. The optimum combination of
ALG quantity (0.5-2.5%), CaCl, quantity (1.0-3.0%), time
(10-50 min), and GAL-B-CD (0.1-0.9%) variables were
investigated for the generation of HMPs with maximum
GAL release. The coded values, experimental and predicted
GAL release concentrations are given in Table 3. It was
observed that the predicted and experimental values were
compatible. Among the 30 experiments performed for
optimization, experiment 23 had the lowest GAL release
concentration; 0.84 mg/L, and experiment 17 had the highest
GAL release concentration, 3.90 mg/L.

The Design Expert program (Version 7.0.0) was used to
calculate each variable’s effects and interactions with each
other. ANOVA analysis and fitting the experimental data
to the models showed that the GAL release concentration
is defined by the quadratic polynomial model. In Table 4,

Table 3 Central composite design of factors with experimental and
predicted values

Treatment Concentration of released GAL
(mg/L)
Experimental Predicted

1 2.65 249
2 1.52 1.33
3 2.29 2.34
4 1.30 1.55
5 3.16 3.35
6 2.39 2.06
7 2.13 1.88
8 0.95 0.96
9 3.26 3.22
10 2.09 2.34
11 3.15 3.49
12 3.19 2.98
13 3.67 343
14 2.50 243
15 2.20 2.38
16 1.57 1.75
17 3.93 3.90
18 2.06 2.11
19 3.00 3.30
20 2.75 247
21 2.35 2.20
22 1.66 1.82
23 0.63 0.84
24 2.54 2.35
25 2.86 2.76
26 2.86 2.76
27 2.31 2.76
28 2.84 2.76
29 3.08 2.76
30 2.63 2.76
GAL Galangin

the p-value for GAL release concentration was lower than
0.0001 (p<0.0001). The p-value was used to describe the
relationship between the response and variables in the quad-
ratic polynomial model and was found to be significant. The
F-value of the model was calculated as 12.56 and was con-
sidered significant at a 95% confidence level. The model’s
lack of fit p-value was calculated as 0.3641, indicating that
the model was valid.

Response Surface Analysis
The effects of variables ALG quantity, CaCl, quantity, time,

and GAL-B-CD for the generation of hydrogel micropar-
ticles were studied. The response surface analysis shows

@ Springer
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Table 4 Analysis of variance (ANOVA) for the fitted quadratic poly-
nomial model for optimization of encapsulation parameters

Source Concentration of released GAL (R*>=0.9214)

DF SS MS F value p value
Model 14 15.58 1.11 12.56 <0.0001
X 1 4.82 4.82 54.36 <0.0001
X, 1 1.03 1.03 11.61 0.0039
X3 1 0.21 0.21 241 0.1414
X4 1 3.44 3.44 38.79 <0.0001
XX, 1 0.14 0.14 1.55 0.2327
X1 X3 1 0.015 0.015 0.17 0.6839
XXy 1 0.081 0.081 0.92 0.3528
XpX3 1 1.74 1.74 19.69 0.0005
XXy 1 0.17 0.17 1.92 0.1856
X3Xy 1 0.42 0.42 4.78 0.0450
x,2 1 0.097 0.097 1.09 0.3123
x,2 1 0.024 0.024 0.27 0.6080
x;2 1 0.97 0.97 10.90 0.0048
x2 1 2.34 2.34 26.43 0.0001
Lack of fit 10 0.98 0.098 1.43 0.3641
Pure error 5 0.34 0.069

DF Degree of freedom; SS sum of squares; MS mean square

(@)

that the relationship between GAL release concentration
and GAL-B-CD-ALG HMPs generation factors is quadratic
and has a good regression coefficient of 0.9214 (Table 4).
Table 5 gives the second-order polynomial equation for the
GAL release concentration. According to the equation, x;
(ALG quantity (w/v %)), x, (CaCl, quantity (w/v %)), x4
(GAL-B-CD (W/v %)), X,X3, X3x,, x5, and x,2 are significant
variables (p <0.05). The x;, (ALG quantity) and x, (GAL-
B-CD quantity) are the most significant variables affecting
the GAL release concentration (p <0.0001). Figure 1a and
b show the normal plot and pareto chart showing the stand-
ardized effects of the factors on the response. According
to the pareto chart, x; and x, above the reference line are
the most important variables at a 95% confidence level. The
results obtained from the pareto chart and normal plot are
compatible with the results of the ANOVA analysis given
in Table 4. ALG and GAL-B-CD are the most significant
factors as they are the basic materials forming the hydrogel
microparticle structure. However, x,;x,, x;x3, x;x,, and x,x,
were found to be less effective variables (p > 0.05).

The surface analysis plots showing the effects and inter-
action of the significant factors (Time, CaCl, quantity, and

(b)

Wl Negative Effects

99 —
1: x4
2: X4 g
3: XaX3 957
4:x, =
5: X3X4 903
6: x5
7: XpXy
8: X%,
9 XyXy
10: x4X3

80 =
70 -

50 -

Normal % Probability

320 Bonferroni Limit 3.19825

20

2.40 — H

t-Value Limit 2.04523

1.60 —

t-Value of |Effect|

T I I T
-0.90 -0.48 -0.07 0.34

Standardized Effect

0.80 —| ‘ | I
0.00 — L I |:I D .
1 1T 1 T T T 1

0.75 1 2 3 4 5 6 7 8 9 10

Rank

Fig. 1 a Normal plot of the standardized effects, b pareto plot of the standardized effects of a quadratic model

Table 5 Second order polynomial equations and regression coefficients of the response variables (ALG quantity x,, CaCl, quantity X,, the time

X3, the GAL-B-CD quantity x,)

Responses

Second order polynomial equations

Concentration of released GAL (mg/L)

y=2.76-0.45x; — 0.21x, — 0.094x; +0.38x,, — 0.33%,x; — 0.16 x3x, — 0.19x;* — 0.29 x,°
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GAL-B-CD quantity) on the GAL release concentration
according to ANOVA analysis are given in Fig. 2a and b.

Figure 2a shows the effect of time and CaCl, quantity on
the concentration of GAL released. The concentration of
GAL released decreased with increasing time and the CaCl,
quantity. On the contrary, the concentration of GAL released
increases with decreasing time and the CaCl, quantity. As
the cross-linker concentration decreases, the time required
to form the hydrogel network decreases linearly. The best
result was obtained at 1% CaCl, concentration versus time.
1% is the lowest level in the specified range of cross-linking
agents. The cross-linker quantity is one of the most criti-
cal factors for producing cross-linked hydrogels because it
forms bonds between polymer chains to form the hydrogel
network. It can affect the structure of a polymeric network,
limiting the elasticity and softness of hydrogels. As the
amount of cross-linker increases, the amount of cross-links
formed increases, and the polymeric structure becomes stiff
and even brittle, resulting in a loss of softness and elasticity
[49, 50]. Gomez et al., investigated the gelling efficiency
of their synthesized ALG-B-CD derivative in the presence
of calcium ions and compared with ALG. They found that
the gelation efficiency of the ALG-B-CD derivative was
higher than ALG, and as a result, the ALG-3-CD derivative
formed softer gels. They reported that the reason for this was
the decrease in the number of bonds between the polymer
chains due to the steric hindrance of the ALG-$-CD deriva-
tive [51]. Also, as the cross-linking quantity increases, the
water absorption capacity of hydrogels decreases. Therefore,
their surface area reduces, and contact surfaces become nar-
row. Kozlowska et al., reported that water absorption capac-
ity decreased with increasing stiffness in carrageenan-based
hydrogels [52]. Hydrogels’ elasticity, softness, and high
water absorption capacity are the main reasons for their
prevalent use in cosmetics [53]. The elasticity and softness
of the obtained hydrogels indicate that a structure suitable
for cosmetic applications has been developed.

Figure 2b shows the effect of time and GAL-$-CD on
the concentration of GAL released. As the time decreases,
the released GAL concentration increases. Similarly, as the
amount of GAL-B-CD increases, the released GAL concen-
tration increases and then decreases parabolically. The best
result was obtained at 0.5% GAL-B-CD concentration versus
time. When the GAL--CD quantity reached 0.5%, the amount
of GAL released from the hydrogels started to decrease. The
reason for this is predicted to reach the maximum amount that
can be entrapped in the hydrogel network. Also, in this case,
the amount of GAL released will be maximum, i.e., it will
reach maximum solubility. The most critical fact in increas-
ing the solubility of GAL is its entrapment in the hydrogels
by embedding it in the hydrophobic cavity of B-CD. Kan-
jickal et al., developed hydrogels for cyclosporine carriers by
two different methods. As the first method, they synthesized

cyclosporine-loaded cross-linked PEG hydrogels. As the sec-
ond method, they synthesized cyclosporine (2-hydroxypropyl)-
y-cyclodextrin inclusion complexes loaded cross-linked PEG
hydrogels. They reported that the release profile of the inclu-
sion complex loaded hydrogels was much more favorable than
the release profile of directly loaded hydrogels since the release
profile of the inclusion complex loaded hydrogels was con-
trolled and slow [54]. Similarly, Omtvedt et al., compared the
methyl orange release of alginate hydrogel beads grafted with
B-CD inclusion complex and directly loaded alginate beads.
They reported that the methyl orange release of alginate hydro-
gel beads grafted with f-CD inclusion complex was higher
in a longer time than the methyl orange release of directly
loaded alginate beads. $-CD inclusion complex grafted algi-
nate beads release more because they can retain more methyl
orange in the hydrogel network. The low capacity of alginate
to retain small molecules causes difficult retention and leakage
of the drug in the hydrogel network when direct drug loading
is performed [55]. Abbas et al., developed a f-CD inclusion
complex to increase the solubility of galangin and compared
the release profile of the developed inclusion complex with
free galangin under simulated physiological conditions. They
reported that the galangin release rate of free galangin was
9.25%, and the inclusion complex reached 59.32%. The cavity
inside the $-CD is hydrophobic, galangin settles in this cavity
of the B-CD, and p-CD increases the solubility of galangin due
to its hydrophilic outer surface [26].

Optimization of Hydrogel Generation Parameter

The optimum conditions, predicted, and experimental
responses for the production of GAL-B-CD-ALG HMPs
with maximum GAL release are given in Table 6. According
to the table, the optimum conditions for hydrogel production
are an ALG quantity 0.69%, CaCl, quantity 1.00%, a time
43.55 min, and GAL-B-CD quantity 0.48%. The predicted
response for GAL release of GAL-B-CD-ALG HMPs
prepared under the given optimum conditions is 4.97 mg/L,
and the experimental response obtained is 5.02+0.10 mg/L.
Although the experimental response is slightly larger than
the predicted response, the two responses are consistent,
indicating that the model is valid and within the 95%
confidence level. The CCD model, designed to produce
GAL-B-CD-ALG HMPs with maximum GAL release
capability, is accurate and reliable in predicting maximum
GAL release.

Characterisation of Hydrogel Microparticles
SEM Analysis

The SEM image of GAL-B-CD and GAL-B-CD-ALG
HMPs is given in Fig. 3. SEM analysis was used to
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Fig.2 Response surface plots
of HMPs generation showing
the effects of a Time (min) and
CaCl, quantity (w/v %) and 38
b GAL-B-CD quantity (w/v %)
and Time (min) on the concen-
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Table 6 Optimum conditions predicted and experimental values of responses

Responses Maximum values Optimum encapsulation conditions
Predicted  Experimental =~ ALG quantity CaCl, quantity Time GAL-B-CD quantity
WiV %) (WIV %) (min) (mg/L)
Concentration of released GAL (mg/L) 4.97 5.02+0.10 0.69 1.00 43.55 0.48

determine the size of the GAL-B-CD-ALG HMPs and
the average size of the GAL-f-CD-ALG HMPs was
determined as 3.66 +0.59 pm. HMPs are in the range
1-1000 pm. The HMPs developed in this study are close
to the lower limit of this range and agree with the lit-
erature. Mahmood et al., developed B-CD based hydrogel
microparticles with sizes less than 1000 pm to increase
the solubility of acyclovir. The developed HMPs increased
the release of acyclovir due to the large surface area and
wettability provided by its small size. Therefore, they
reported that small particle size increases solubility [56].
The release of active substances from HMPs depends on
particle size and shape [35]. Smaller particles are always
preferred to improve and control the release of active sub-
stances due to their larger surface area [57]. Therefore,
nano-sized hydrogel particles can be produced, but for cos-
metic applications, mainly if the skin surface is targeted,
micro-sized HMPs are advantageous [58]. For cosmetic
purpose, Lin et al., developed 685.9-1044.4 pm alginate
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beads [59], Lebeer et al., developed 1500—2000 pm micro-
capsules [60], Shalaka et al., developed ~900 pm micro-
spheres [61].

The morphological structure of GAL-B-CD appears clus-
tered and branched. The main reason for the branched struc-
ture is based on the ability of -CD to form complexes with
aromatic structures of galangin. In GAL-p-CD-ALG HMPs,
spherical and porous structures are observed. GAL-B-CD is
localized in the polymer network of the inclusion complex
and appears as spherical protrusions.

FTIR Analysis

The FTIR spectrum of GAL, B-CD, GAL-B-CD, ALG, and
GAL-B-CD-ALG given in Fig. 4. In the FTIR spectrum
of GAL, there are low intensity O—H stretching bands
at 3503.81 and 3551.83 cm™!, C=C stretching band at
3310.88 cm™!, C=0 stretching band at 1631.38 cm~! and
high intensity C-O stretching bands at 1160.81 cm™".

116 pA  Data 125 Jun 2021 Mag= 3.00KX IProbe =
Signal A = SE1 WO = 14.0 mm

116pA Date :25Jun 2021
EHT = 20.00 kv Signal A = SE1

ZE1sy)

116 pA  Date :25 Jun 2021
Signal A = SEL

Mag= 300KX IProbes
WO = 14.0 mm

116 pA  Date :25 Jun 2021
ENT= 2000 W  Signal A= SEI

L

Fig.3 The SEM image of a GAL-B-CD (500 X), b GAL-B-CD (1.00 KX), ¢ GAL-B-CD (3.00 KX), d GAL-B-CD-ALG HMPs (200 X), e GAL-

B-CD-ALG HMPs (2.00 KX), f GAL-B-CD-ALG HMPs (3.00 KX)
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Fig.4 FTIR spectra of GAL, B-CD, GAL-B-CD, ALG and GAL-p-
CD-ALG HMPs

Looking at the FTIR spectrum of B-CD; the broadband
frequency around 3000-3700 cm™" indicates the presence of
hydrogen bonding, i.e., OH group, the peak corresponding to
the wave number 2900 cm™" indicates sp® hybridization, and
the fluctuation between 2000 and 2500 cm™! indicates the
presence of ring structure. The high intensity C=O streching
band presence in 1022 and 1077 cm™'. The spectrum of the
GAL-B-CD mixture shows peaks at the same wave numbers
as the others. This is because even if the molecular structures
are not the same, they have similar structures and bonds.
The most crucial point we should pay attention to is that the
transmission ratios of the GAL-B-CD mixture seem lower
than the others. The high intensity C=0 stretching bands at
1025 and 1062 cm™', C-O stretching bands at 1606 cm™
and the broad O—H stretching band at 3000-3700 cm™!
of GAL-B-CD are indicative of the inclusion complex

@ Springer

between B-CD and GAL. Especially the broad O-H
stretching band represents the presence of hydrogen bonds
between the hydrophobic cavity of f-CD and GAL [26].
The FTIR spectrum of ALG; the band seen in the range
of 3200-3300 cm™! indicates the presence of an O-H
bond, the peak at 2900 cm™! indicates sp hybridization,
the fluctuation between 2000 and 2500 cm™! indicates
the presence of a ring structure, and the bands between
1600 and 1610 cm™" are O—C—O carboxylate asymmetric
stretching bands. In the FTIR spectrum of the GAL-B-CD-
ALG structure, a broadband spectrum between 3000 and
3700 cm™! is observed, i.e., the presence of a hydrogen-
bonded (OH) group, the presence of sp> hybridization
although 2900 cm™' is a small peak, the vibrating peaks
in the range of 2000-2500 cm™! indicate the ring structure
and the peak in the range of 1500—1700 cm™' indicates the
presence of aliphatic and aromatic double bonds.

Encapsulation Efficiency

Encapsulation efficiency is the primary indicator of the
degree of success of the HMPs generation process. The
encapsulation efficiency of the obtained GAL-B-CD loaded
GAL-B-CD-ALG HMPs was determined as 91.5+2.9%.
The GAL-B-CD complex loaded into hydrogels contains
5.9781 mg GAL. The encapsulation efficiency of 91.5+2.9%
indicates that 5.47 mg of this GAL amount was loaded into
the hydrogels. Galangin is a hydrophobic component, so
its incorporation into polymeric networks of hydrophilic
hydrogels is only possible using carrier systems. The load-
ing of galangin with very high encapsulation efficiency into
the polymeric network was achieved by embedding it in the
hydrophobic cavity of the p-CD. Due to the high encapsula-
tion efficiency, a higher amount of galangin will pass into
a soluble form, and a higher amount of galangin will be
released at the target site.

Conclusion

Galangin is a phenolic compound that can be widely used
in cosmetic applications with its high antioxidant activity,
anti-tyrosinase activity, anti-wrinkle effect, and anti-
melanogenesis effect. However, due to its low solubility in
water, oxidative instability, and low membrane permeability,
its bioaccessibility and bioavailability are very poor, so
its use in cosmetics is very limited. This study aimed to
develop a novel and effective carrier system to increase the
solubility and release of galangin. For this purpose, phenolic
compounds were extracted from Alpinia officinarum Hance,
from which a high proportion of galangin was purified and
fractionated. In order to develop a hydrogel microparticle
form of galangin that can be effectively used in cosmetic
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formulations, hydrogel microparticle optimization was
performed. In order to overcome the low solubility of
galangin, a GAL-B-CD inclusion complex was formed
and included in hydrogel microparticle formulations. The
optimized hydrogel microparticles were produced with
91.5% encapsulation efficiency, 5.02 mg/L galangin release
rate, 3.66 pm size, spherical shape, and soft texture suitable
for cosmetic applications.
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