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Abstract: Collagen-based materials are widely used as adhesives in medicine and cosmetology.
However, for several applications, their properties require modification. In this work, the influence
of Melissa officinalis on the properties of collagen films was studied. Collagen was extracted from
Silver Carp skin. Thin collagen films were prepared by solvent evaporation. The structure of films
was researched using infrared spectroscopy. The surface properties of films were investigated using
Atomic Force Microscopy (AFM). Mechanical properties were measured as well. Antioxidant activity
was determined by spectrophotometric methods using DPPH free radicals, FRAP, and CUPRAC
methods. Total phenolic compounds were determined by the Folin-Ciocalteau method. It was found
that the addition of Melissa officinalis modified the roughness of collagen films and their mechanical
properties. Moreover, the obtained material has antioxidant properties. The parameters mentioned
above are very important in potential applications of collagen films containing Melissa officinalis
in cosmetics.

Keywords: collagen; Melissa officinalis extract; incorporation; natural extract; adhesives; antioxi-
dant activity

1. Introduction

Collagen comprises one of the most appropriable biomaterials due to its eminent
biocompatibility, biodegradability, natural origin, and non-genicity. It is used in medical
applications such as drug delivery systems, material matrices, and scaffolds in tissue
engineering [1-5]. Collagen is the main component of the extracellular matrix containing
fibrils and microfibrils that enable cell attachment and their migration in the materials
as well as modifying their mechanical properties [6]. From a biomaterial and cosmetic
perspective, the most important types of collagens are type I, which constitutes the major
component of the skin, ligament, and tendon tissue, type Il—the cartilage collagen, and
type III, which is eminent for blood vessels [7-9]. Evaluating the capability of the materials
is all about the role and function that the potential device needs to perform. The structure
of collagen type I is described by three chains that form a triple-helical conformation.
Each of the polypeptide chains creates hydroxyproline II type helix. It is firmed by amino
acid content. Chains are furled in right inclination to form a triple helix. The amino
acid chain can be featured as a Gly-X-Y sequence, where X constitutes proline, while Y
is represented by hydroxyproline [10-15]. Collagen resistance requires enhancing and
optionally addition of functional substances [16]. Nowadays, the possibilities of green
chemistry are immeasurable and may offer several solutions. Testing new natural cross-
linkers may lead to new solutions that can meet the expectations of modern collagen
biomaterials. However, the structure of modified collagen is both plant-dependent and
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type-of-extract-dependent, so it is necessary to research each plant extract and its influence
on collagen properties separately.

Melissa officinalis, also call a lemon balm, belongs to Lamiaceae family [17]. It was
used as traditional herbal medicine as an antibacterial, analgetic, spasmolytic, sedative,
tonic, diuretic, antiparasitic, and antiviral agent [18]. There are several melissa applications
in the biomedical and cosmetics fields. The extract of melissa was used in asthma [19,20],
bronchitis [21], amenorrhea [22], arrhythmias [23], ulcers, and wound treatment [24,25].
Melissa officinalis extract was utilized in neurological pathologies as insomnia, epilepsy,
depression, psychosis, and hysteria due to its sedative properties [26,27]. The development
of new biomaterials with antifungal, antiparasitic, and antibacterial characteristics [28-30]
comprises a promising issue in topical treatment.

The antioxidative potential of lemon balm has been documented due to its chemical
composition [31-34]. Melissa officinalis extract contains flavonoids, gallic acid, phenolic
acid, and rosmaric acid. Focusing on Melissa officinalis leaf extract, the main flavonoids are
quercetin, thamnocitrin, and luteolin. Polyphenolic compounds which can be found in
Melissa officinalis leaf extract are as follows: caffeic acid, protocatechuic acid, and rosmarinic
acid [35]. There are also mono-, triterpenes, and sesquiterpenes present alongside tannins
and essential oils [36].

The Melissa officinalis antiviral effect against HSV-1 and HSV-2 due to the presence of
monoterpenaldehydes and citronellal have been examined. The results have shown that
melissa is affecting the virus before the adsorption into the host cell [37]. This effect is also
due to caffeic, rosmarinic, and ferulic acids, which are present in melissa.

Topically, melissa has also been tested in balm form that turned out to be effective
in the herpes simplex infection treatment. It has prevented spreading the infection and
also mellowed the symptoms like itching, straining, and redness of the skin [38,39]. As the
research has shown, hydroalcoholic extract of lemon balm leaves indicated activity against
the herpes simplex virus type 2. The antiviral activity was compared to acyclovir activity.
It has also been mentioned that Melissa officinalis extract had reduced cytopathic effect to
HSV-2 in a nontoxic amount [40].

The antimicrobial activity of Melissa officinalis was documented against Escherichia
coli, Pseudomonas aeruginosa, Proteus mirabilis [41], and resistant strain Shigellasonei [42].
Ethanol, water, or ethyl acetate extracts of Melissa officinalis ameliorate antibiotic activity for
streptomycin, amoxicillin, tetracycline, and chloramphenicol. The raised biological activity
is dictated by the presence of phenol and flavonoid content [43—45].

From the biomaterial perspective, the most desirable functions of the adhesive material
are antimicrobial, antiviral, antifungal, and antioxidative activity, which can be provided by
the addition of the Melissa officinalis extract. Additionally, the anti-inflammatory properties
of the mentioned natural extract help to reduce potential swelling [46].

Melissa officinalis has various applications in pharmacognosy, cosmetics, and biomate-
rial fields due to its antimicrobial, antifungal, antiviral, and antioxidative properties. In
cosmetic formulations, melissa protects the skin from oxidative stress, irradiations, and
blue light. Due to high content of rosmaric acid, melissa shows antioxidant activity by
reducing ROS, which prevents UV damage. Polyphenols and flavonoids in Melissa officinalis
demonstrate radical scavenging activity comparable to ascorbic acid, whereas tyrosinase in-
hibitory activity by melissa extract was higher than arbutin. This makes Melissa officinalis
an effective antioxidant, anti-inflammatory, and whitening cosmetic ingredient.

The aim of this research was to prepare collagen materials modified by Melissa
officinalis. The mentioned above materials are designed for cosmetic applications. In this
work, fish collagen was used, which is already commercially applied in cosmetic products.
To the best of our knowledge, the influence of Melissa officinalis on collagen properties has
not been studied yet.
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2. Materials and Methods
2.1. Materials

Fish collagen was delivered by WellU sp.z.0.0. (Gdynia, Poland). Such collagen is
used in cosmetic formulations. Melissa officinalis dry extract was delivered by Greenvit
(Zambrow, Poland).

2.2. Mixture Preparation
2.2.1. Collagen Solution Preparation

Collagen (Col) was extracted from Silver Carp skin. Residues such as fat tissue, meat,
or scales were obviated manually and purified with chilled tap water to get rid of the
clinging tissues. Then, the material was disinfected with a 3% hydrogen peroxide water
solution. Side elements were rinsed thoroughly. The cleared skin was placed in 0.1 M
acetic acid solution and left for three days to extract the collagenous proteins. The obtained
solution was pressed through the properly chosen material, which allowed for collagen
separation [47]. In the next stage, samples were lyophilized (ALPHA 1-2 LDplus, CHRIST,
—20 °C, 100 Pa, 48 h), then lyophilized collagen was dissolved in 0.1 M acetic acid at the
5 mg/mL concentration.

2.2.2. Melissa Solution Preparation

First, the dry Melissa officinalis (ML) extract weighing 0.3702 g was transferred quan-
titatively into a 10 mL volumetric flask, then filled to 10 mL with water and mixed to
dissolution. Then prepared in the previous stage collagen solution was moved to a 25 mL
volumetric flask. Melissa water solution in the volume of 1 mL was transferred to the
collagen solution and mixed. The amount of melissa extract in collagen was 29.62%.

2.3. Film-Forming Stage

Collagen solution as control and mixed collagen-melissa solution were perched into
the adequate plates, previously checking the proper surface level. Collagen solutions filled
the plated evenly. Then the samples were left to dry for six days. Dried films were carefully
detached from the plates, and their properties were investigated.

2.4. Infrared Spectroscopy (IR)

Infrared spectra were examined by Nicolet i510 spectrophotometer equipped with an
ATR device with a germanium crystal (Thermo Fisher Scientific, Waltham, MA, USA). All
the spectra were recorded with the resolution of 4 cm~! with 64 scans. The spectra were
evaluated in the range of 400-4000 cm~!. The data were obtained using the Omnic Spectra
2009 program.

2.5. Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) was carried out by Scanning Electron Microscope
(SEM) (LEO Electron Microscopy Ltd., Cambridge, UK). Micrographs of all samples were
taken at 300x magnification.

2.6. Energy-Dispersive X-ray Spectroscopy (EDX)

Energy-Dispersive X-ray Spectroscopy (EDX) was performed using the Energy-
Dispersive X-ray Spectrometer EDX Quantax 200 with detector XFlask 4010, Bruker,
AXC, Germany, to assess the elemental composition of a material.

2.7. Atomic Force Microscopy (AFM)

The surface structure of collagen/melissa materials was examined by an Atomic
Force Microscope. The pictures were obtained by MultiMode Scanning Probe Microscope
Nanoscope Illa (Digital Instruments Veeco Metrology Group, Santa Barbara, CA, USA)
operating in the tapping mode, in air, in room temperature. Surface images were acquired
at fixed resolution (512 x 512 data points) with a scan rate of 1.97 Hz. Silicon tips with
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a spring constant of 2-10 N/m were used. Roughness parameters were calculated from
10 pm x 10 pm scanned areas using Nanoscope software.

2.8. Mechanical Properties

The shaped pieces cut from collagen and collagen—melissa films were prepared us-
ing manual press Optimum DDP10 (Germany). Mechanical properties of collagen and
collagen/melissa films like Young modulus and tensile strength were tested using a
Zwick&Roell Z.0.5 testing machine in constant condition at room temperature. Parameters
of the program: 200 mm/min speed starting position, 0.1 N initial force, 5 mm /min speed
of the initial force. In this study, seven samples of each kind of film were measured to
evaluate average mechanical parameters.

2.9. Determination of Antioxidant Capacity
2.9.1. Preparation of Samples

Collagen film and collagen film with lemon balm (Melissa officinalis) extract weighing
from 0.0030 to 0.0060 g were placed in a 10 mL graduated flask. About 5 mL of 0.1 M acetic
acid solution was added to dissolve the samples. The samples were placed in an ultrasonic
bath for approximately 0.5 h. After dissolving, the contents of the flask were diluted with
distilled water to the mark.

2.9.2. Spectrophotometric Method for Determination of the Total Polyphenols Content
Using the Folin—Ciocalteu Reagent (F-C Method)

A UV-Vis spectrophotometer Shimadzu UV-1601 (Japan) double beam spectropho-
tometer was used to measure the absorbance. Folin—Ciocalteau reagents caffeic acid
(50 pg/mL), and NayCOs (0.13 g/mL) were used. The measurements were done in stan-
dard glass cuvettes.

Preparation of the Calibration Curve

To the 10 mL volumetric flask 0.00, 0.10, 0.20, 0.30, 0.60, 0.70, and 0.80 mL of 50 pg/mL
caffeic acid solution were added. Then 0.5 mL of Folin’s reagent was added and set aside
in a dark place for 5 min. After this time, 4 mL of water was added, mixed, and 1 mL
of a sodium carbonate solution was added. The flasks were made up to the mark with
water. The absorbance of the sample was measured after 30 min at A = 725 nm against a
blank reference (0.5 mL F-C reagent + 1 mL Na,COj3 solution and make up to 10 mL with
distilled water). On the basis of the measurement and the obtained results, the dependence
of absorbance on the concentration of caffeic acid was plotted.

Sample Analysis

The volume of 1 mL of the previously prepared collagen film solution and collagen
film with lemon balm extract solution was taken into 10 mL volumetric flasks, 0.5 mL of
the F-C reagent was added and left in a dark place. After 3 min, 1 mL of Na;COj solution
was added and made up to the mark with distilled water. After 30 min, the absorbance
at A =725 nm was measured against a reference blank. For each tested film, five parallel
determinations were made.

2.9.3. Determination of Antioxidant Activity by FRAP Method

For the determination of antioxidant capacity by FRAP method, the UV-Vis spectropho-
tometer previously mentioned was used. The following reagents were used: acetic buffer
solution, pH = 3.6; 20 mM iron(III) chloride solution, 10 mM solution of 2,4,6-tripyridyl-
s-triazine (TPTZ); the MR-FRAP reaction mixture was prepared as follows: 25 mL of an
acetic buffer solution at pH 3.6 was pipetted into a 50 mL beaker; 2.5 mL of TPTZ solution
(10 mmol/L) and 2.5 mL of iron(Ill) chloride solution (20 mmol/L). All the reagents were
mixed and incubate at 40 °C (for 15 min). 0.001 M 6-hydroxy-2,5,7,8-tetramethylchroman-
2-carboxylic acid solution (Trolox) was used as standard.
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Preparation of the Calibration Curve

Into 10 mL volumetric flasks 0.05, 0.10, 0.15, 0.20, and 0.25 mL of the Trolox solution
at a concentration of ¢ = 0.001 M was pipetted. Then, 2 mL of the reaction mixture was
pipetted into each of them and made up to the mark with distilled water. The prepared
solutions were left for 20 min in a dark place. After this time, the absorbance of the solutions
was measured at the wavelength A = 593 nm, using the blank as a reference.

Sample Analysis

Into 10 mL volumetric flasks, 3 mL of analyzed solution and 2 mL of the reaction
mixture were added and next they were filled up to the mark with distilled water. The
prepared solutions were placed for 15 min in a dark place. After this time, the absorbance
of the solutions was measured at the wavelength A = 593 nm, using the blank as a reference.

2.9.4. Determination Antioxidant Activity by CUPRAC Method

For the determination of antioxidant capacity by the CUPRAC method, the UV-
Vis spectrophotometer previously mentioned was used. The following reagents were
used: 0.0075 M neocuproine solution, 0.01 M copper chloride solution, 1 M acetate buffer
(pH =7.0), and caffeic acid solution at a concentration of 50 mg/L as standard.

Preparation of the Calibration Curve

The volume of 2 mL of copper(Il) chloride solution, neocuproine solution, and acetate
buffer were pipetted into 10 mL volumetric flasks. Then 0.05, 0.10, 0.25, 0.30, and 0.35 mL
of caffeic acid was added and made up to the mark with distilled water. The flasks were
placed in a dark place for 30 min. After this time, the absorbance was measured at a
wavelength of A = 450 nm against the blank.

Sample Analysis

For the measurement of the antioxidant activity of the studied films, 2 mL copper(Il)
chloride, neocuproine, and buffer were pipetted into 10 mL volumetric flasks. Then, 2 mL
of the tested film solutions were added to the flasks. The flasks were made up with distilled
water and set aside in a dark place for 30 min. After this time, the absorbance was measured
at a wavelength of A = 450 nm against the blank.

2.9.5. Determination of Antioxidant Activity by DPPH Method

For the determination of antioxidant capacity by the DPPH method the UV-Vis spec-
trophotometer previously mentioned was used. The following reagents were used: 0.304 M
solution of 2,2'-diphenyl-1-picrylhydrazyl (DPPH), 0.1 mM solution of 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid (Trolox).

Preparation of the Calibration Curve

In order to prepare a calibration curve, the following volumes of Trolox were pipetted
into 10 mL volumetric flasks: 0.00, 1.00, 4.00, 7.00, 8.00, and 10.00 mL. Then the flasks
were made up to volume with ethanol. Next, 1.5 mL of ethanol, 0.5 mL of the previously
prepared DPPH solution, and 0.5 mL each of Trolox solutions of increasing concentration
were added to plastic measuring cuvettes. A blank test was also made by adding 2 mL of
ethanol and 0.5 mL of DPPH solution to the measuring cuvette. The solutions prepared
in this way were placed for 15 min in a dark place. After this time, the absorbance was
measured at a wavelength of A = 517 nm. Ethanol was used as a reference. In order to
draw the calibration curve, the percentage of the scavenged radical was calculated, which
is expressed by the formula:

%DPPH — (AO_A”> x 100% (1)
Ap
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where: Ap—absorbance of the blank sample (Trolox volume = 0.00 mL), A,—absorbance of
the sample.

Sample Analysis

In order to test the antioxidant activity of the tested collagen films, 1.5 mL of ethanol,
0.5 mL of DPPH solution and 0.5 mL of the tested solution were pipetted into plastic
cuvettes. A blank test was also performed by measuring 2 mL of ethanol and 0.5 mL of
DPPH solution into a plastic cuvette. The blank test was performed separately for each
measurement. The solutions prepared in this way were placed in a dark place for 15 min.
After this time, the absorbance against ethanol as reference was measured at a wavelength
of A =517 nm.

3. Results
3.1. Physicochemical Properties
To affirm the presence of melissa in collagen films, the infrared spectra were registered.

Listing of IR bands have been discussed (Table 1). The IR spectra have been shown in
Figure 1.

Table 1. Wavenumbers for bands position and proper bonds in exact types of chemical compounds
in collagen film.

. Band Position for Band Position for
IR Band Stretching Collagen (cm~1) Collagen/Melissa (cm~1)
amide A N-H, OH 3291 3298
amide I Cc=0 1631 1632
amide II N-H 1541 1543
amide III C-N 1233 1234
carboxylic acid O=H ) 1377
phenol group
Collagen

Collagen/Mellisa

1444

1395

1631
1540

5 3291
‘ﬁﬁv\
X
1377
1338
,,?—1234
1029

- . . - - - . . . - . - - . - . . - - - v
3000 2500 2000 1500 1000

Wavenumbers (cm™')

Figure 1. IR spectra of collagen/melissa film and collagen film (control) from 4000 to 500 cm~!.

The band at 3291 cm ™! represents amide A (N-H stretching) and OH in collagen [48-52].
Collagen strands are represented in 1631 cm~! for amide I through C=0 bond, 1541 cm ™!
amide IT (N-H), and 1233 cm~!: amide III (C-N). As we can see in Figure 1 for the colla-
gen/melissa sample the following bands can be observed: Amide A and O-H groups at
around 3298 cm ! and new band at 1377 cm~!. The mentioned new band may represent
O-H bending in carboxylic acid and O-H stretching due to phenol group in gallic acid,
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phenolic acid, and rosmaric acid. For collagen with the addition of melissa extract the
shift of amide A band was observed (from 3291 cm~! to 3298 cm~!). It may suggest the
interaction between collagen and extract components via hydrogen bonds. In fact, the
melissa extract contains flavonoids, gallic acid, phenolic acid, and rosmaric acid, which
can form several hydrogen bonds with collagen molecules [35-37]. The shift of amide A
can also be caused by the different amount of water bounded to collagen in the presence
of melissa. For amide I and amide II bands we did not observe the shift. This fact may
suggest that the secondary structure of collagen type I was not changed after the addition
of melissa to collagen solution. The structure of collagen in general before and after the
addition of melissa is very similar, except the new band at 1377 cm ™.

3.2. Morphological Properties

For investigation of the surface structure of prepared films, SEM and EDX microscopy
were performed. Figure 2 represents the SEM image of the collagen/melissa film. The film
exhibits a smooth and heteroclite surface. Collagen fibrils are in loose conformation.

KA |_300x
SE MAG: 300 X HV: 20.0 KV WD: 25.0 mm

Figure 2. SEM image of collagen/melissa film.

Energy-Dispersive X-ray Spectroscopy (EDX) was conducted to examine the elemental
composition of the material. The percentage elements range in the sample was measured
and is presented in Figure 3 with proper voltage attribution represented in seconds per
electron-volt at accelerating voltage range (keV) for EDX analysis. The mean value of the
mass percentage of C element in the Col/ML sample was 38.34%, whereas for N it was
19.77%, for O it was 39.72%. The mass percentage in the control sample (collagen)was
similar and indicated 37.79% of the C element, 21.22% for N, and 39.76% for O.

3.3. Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) was used to assess the material surface structure.
The AFM image of the surface of collagen film is shown in Figure 4. In Figure 5 one can see
the AFM visualization of the surface of collagen/melissa (Col/ML) film.

Root mean square average of height deviations (Rq) for each film was measured. The
Rq value of collagen film was 172.05 nm, while for melissa-incorporated collagen film
was 170.9 nm. Values of Ra (the arithmetic roughness average of the surface) for collagen
film and collagen film with melissa were 205.9 nm and 140 nm, respectively. It has been
proven that the addition of melissa changes the superficial properties of collagen films. The
roughness of collagen films changes eminently as a result of melissa addition.
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cps/eV.

K Cr
SEN-Fs Mg Al [Si 2 S K Ca Cr S
Ca

Figure 4. AFM visualization of collagen film (the roughness parameters were calculated from
10 pm x 10 um scanned areas).

Figure 5. AFM visualization of Col/ML film (the roughness parameters were calculated from
10 pm X 10 um scanned areas).

3.4. Mechanical Properties

Tensile strength of collagen and melissa-incorporated collagen films were examined
(Table 2). The arithmetic mean from seven samples was properly assessed for collagen
film (41.7 MPa) and melissa-incorporated collagen film (9.8 MPa), which indicates that the
addition of melissa decreases the mechanical properties of collagen films.
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Table 2. Mechanical properties of collagen and melissa-incorporated collagen film.

Material Fmax (MPa) Emod (GPa)
Collagen 41.7 £9.31 0.627 £+ 0.08
Collagen/Melissa 9.8 £6.16 0.321 £ 0.04

Based on mechanical properties measurement, the Young modulus was calculated.
Results are presented in Table 2. The mean average of the Young modulus for collagen
film was 0.627 GPa, whereas for melissa-incorporated collagen film it was 0.321 GPa.
Tensile stiffness is weaker in collagen film with the addition of melissa. The decrease of the
mechanical properties of collagen films after melissa addition indicates that the structure
of the material has been changed. Mechanical properties of collagen film modified with
melissa extract are much worse than for pure collagen films. It may suggest that hydrogen
bonds between components of melissa extract are stronger than hydrogen bonds between
melissa extract and collagen. The above results show that the addition of melissa to
collagen does not improve the mechanical properties of collagen film. However, melissa is
known for its antioxidant properties [53,54]. In the next step, the antioxidant properties of
melissa-incorporated collagen films were assessed.

3.5. Determination of Antioxidant Capacity
3.5.1. Spectrophotometric Method for Determination of the Total Polyphenols Content of
Using the Folin—Ciocalteu Reagent (F-C Method)

The Folin—Ciocalteau method is used to determine the content of phenolic compounds.
The phenolic concentration can be read from the gallic acid (or caffeic) calibration curve,
which is used as the phenol reference standard [55]. The reaction of gallic acid with
molybdenum, a component of the Folin-Ciocalteu reagent, is presented in Figure 6.

COOH COO™
N2,C0,
E—
HO OH HO OH
=t OH
COO~ jae o)
+ 2M»® ———» + 2Mo™ +2H*
=
HO OH o OH
e o

Figure 6. Reaction of gallic acid with molybdenum, a component of the Folin-Ciocalteau reagent [55].

It is a simple and sensitive method; however, it is not selective, and the reaction is slow
at low pH. The Folin-Ciocalteau reagent can react with various compounds contained in the
sample, especially sugars, aromatic amines, sulfur dioxide, ascorbic acid, and many other
phenolic and non-phenolic compounds (e.g., amino acids, hydrazine, proteins, urea), which
may ultimately affect the final result of the analysis of polyphenolic compounds [55,56].
The most important stage in this method is preparation a proper calibration curve for the
experiment. For the Folin—-Ciocalteu method, the data obtained for the calibration curve
are collected in Table 3. Based on the obtained results, a standard curve was drawn as the
dependence of the absorbance value on the concentration of caffeic acid (Figure 7).
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Table 3. Data obtained for the calibration curve.

Caffeic acid volume (mL) 0.10 0.20 0.30 0.50 0.60 0.70 0.80
Concentration (mg/L) 0.50 0.10 0.15 0.25 0.30 0.35 0.40
Absorbance 0.101 0.169 0.241 0.388 0457  0.539 0.616

0.70
0.60 o
R

0.50 .

y=0.147x + 0.0227

0.40 .
R% =0.9995

030
0.20
0.10 o
0.00

Figure 7. The calibration curve obtained by the F-C method (absorbance vs. caffeic acid concentration).

In Table 4 the statistical parameters of the calibration curve are presented.

Table 4. Statistical analysis of calibration curve.

Parameters Value
Curve slope a 0.147 £ 0.004
Curve intercept b 0.0227 £ 0.0096
Limit of detection LOD (mg/L) 0.13
Limit of quantification LOQ (mg/L) 0.31
Coefficient of determination R? (%) 99.95

Based on the parameters of the reference curve, the polyphenol content in terms of
caffeic acid equivalent in the tested samples was calculated. The results are presented in
Table 5.

Table 5. Obtained results with statistical evaluation.

Parameters/Samples Collagen Control Collagen/Meliss
P Xmean + SD AXmean £ SD
Xmean = SD. mg CAE/g 822+1.9 939 +£1.3

CAE—caffeic acid equivalent; Xmean—average value; SD—standard deviation.

3.5.2. Determination of Antioxidant Activity by FRAP Method

The FRAP (ferric ion reducing antioxidant parameter) method was proposed by Benzie
et al. in 1996 to determine the antioxidant activity of plasma, and a few years later, it was
used to study plant antioxidants [56]. It is based on the determination of AA through the
ability to reduce Fe3* ions to Fe?" ions under the influence of an antioxidant, and Fe(II) is
complexed by TPTZ (2,4,6-tripyridyl-S-triazine) (Figure 8). The reduction reaction leads to
the formation of a blue complex (Amax = 595 nm) [55,57].
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[Fe(II)(TPTZ):]** [Fe(IT)(TPTZ)2]>

Figure 8. The schema of reaction in FRAP method [56].

AA is determined by comparing the value of the change in absorbance of the analyzed
sample and the standard solution. The FRAP unit determines the ability to reduce 1
mole of Fe(Ill) to Fe(I). The change in the absorbance value is linear in a wide range of
concentrations, which is the advantage of this method [57]. The optimum pH for this
method, necessary to stabilize the iron ions, is 3.6, and the redox potential of the samples
must be lower than 0.7 V because the redox potential of [Fe(TPTZ),]>* /[Fe(TPTZ),]**
is 0.7 V.

The FRAP method does not require time-consuming sample preparation, is simple
and quick to perform, and ensures repeatability of the obtained results. FRAP has been
used in the determination of the antioxidant capacity of cells and tissues; however, it cannot
measure the main thiol antioxidant—glutathione. Moreover, Fe(Il) ions are easily oxidized,
creating a very harmful OH® radical [56].

The results obtained for the reference curve have been shown in Table 6.

Table 6. Data obtained for the calibration curve.

Trolox volume (cm3) 0.05 0.10 0.15 0.20 0.25
Concentration (mg/L) 0.0125 0.025 0.0375 0.0501 0.0626
Absorbance 0.153 0.390 0.643 0.863 1.115

Based on the obtained results, the dependence of the absorbance value on the con-
centration of Trolox was plotted (Figure 9). In Table 7, the statistical parameters of the
calibration curve are presented.

12

038 y = 19.13x—0.0853
R? = 0.9996
0.6
0.4 ot

0.2

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Figure 9. The calibration curve for FRAP method (absorbance vs. Trolox concentration).
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Table 7. Statistical analysis of calibration curve.

Parameter Value
Curve slope a 19.13 £0.72
Curve intercept b 0.0853 + 0.0297
Limit of detection LOD (mg/L) 0.0024
Limit of quantification LOQ (mg/L) 0.0059
Coefficient of determination R? (%) 99.96

Based on the parameters of the calibration curve, the total antioxidant content in terms
of Trolox equivalent in the tested samples were calculated. The results have been shown in
Table 8.

Table 8. Obtained results with statistical evaluation.

Parameters/Samples Collagen Control Collagen/Meliss
P Xmean = SD AXmean £ SD
Xmean £ SD. mg TE/g 0.10 £ 0.01 0.63 £ 0.07

TE—Trolox equivalent; Xmean—average value; SD—standard deviation.

3.5.3. Determination Antioxidant Activity by CUPRAC Method

The CUPRAC (cupric ion reducing antioxidant capacity) method is based on the same
operating mechanism as the FRAP method. In the CUPRAC method, copper ions are
reduced instead of iron ions. Under the influence of antioxidants in the tested sample, the
copper(Il) complex is reduced to a colored copper(I) complex, for which the absorbance
value is measured spectrophotometrically. In this method, two compounds are used
interchangeably: (a) bathocuproine (2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline) as
a copper(l) complexing compound in a ratio of 2:1 to form an orange complex with
an absorption maximum at 490 nm; (b) neocuproine (2,9-dimethyl-1,10-phenanthroline)
forming yellow-orange complexes with copper(I), the highest absorbance of which is at
450 nm [58] (Figure 10).

1 24.

Annioxidant reduces
Cu(II) form o Cu(l)

Cu(IT)-Ne¢ Cw()-Ne¢
Figure 10. The schema of reaction in the CUPRAC method [58].

Antioxidant activity is expressed as the amount of uric acid, caffeic acid equivalents
in the sample or in Trolox equivalents. The redox potential of the Cu(II) -Nc/Cu(I) -Nc
complex is 0.6 V and is higher than the standard Cu(Il)/Cu(I) —0.16 V potential, which
positively affects the speed and efficiency of polyphenol oxidation. The CUPRAC method
is quick, easy, and selective. It allows the determination of hydrophobic and hydrophilic
antioxidants as well as compounds contained in samples of plant origin and thus well
reflects the total power of antioxidants contained in the sample. It does not require the use
of an acidic reaction medium (such as FRAP) or basic (as in the F-C method) [55,58].

The results obtained for the calibration curve by CUPRAC method have been shown
in Table 9.
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Table 9. Data obtained for the calibration curve.
Caffeic acid solution (mL) 0.05 0.10 0.25 0.30 0.35
Concentration (mg/L) 0.425 0.850 2.125 2.550 2.975
Absorbance 0.296 0.406 0.790 0.902 1.015

Based on the obtained results, the dependence of the absorbance value on the concen-
tration of caffeic acid was plotted (Figure 11). In Table 10, the statistical parameters of the
calibration curve are presented.

1.6
14 y =0.2893x + 0.1666
1.2

0.8
0.6
0.4
0.2

Figure 11. The calibration curve for the CUPRAC method (absorbance vs. caffeic acid concentration).

Table 10. Statistical analysis of calibration curve.

Parameter Value
Curve slope a 0.2893 + 0.0084
Curve intercept b 0.1666 + 0.0213
Limit of detection LOD (mg/L) 0.14
Limit of quantification LOQ (mg/L) 0.32
Coefficient of determination R? (%) 99.96

Based on the parameters of the calibration curve, the total antioxidant content in
terms of caffeic acid equivalent in collagen and collagen/melissa films were calculated and
presented in Table 11.

Table 11. Obtained results with statistical evaluation.

Parameters/Samples Collagen Control Collagen/Meliss
P Xmean & SD AXmean + SD
Xmean £ SD. mg CAE/g 242 +02 1795+ 2.1

CAE—caffeic acid equivalent; Xmean—average value; SD—standard deviation.

3.5.4. Determination of Antioxidant Activity by the DPPH Method

This method uses a strong and stable DPPH radical (2,2'-diphenyl-1-picrylhydrazyl),
which in an alcoholic solution has an intense purple color with maximum absorption at a
wavelength of 517 nm (for a methanol solution) (Figure 12). The DPPH radical captures
electrons from substances with antioxidant properties, which causes the color of the solu-
tion to change from violet to yellow, and the absorbance of the tested sample decreases,
which is measured spectrophotometrically. The stronger the antioxidant properties of a
given sample, the greater the decrease in absorbance reflecting the reduction of the DPPH
radical [59].
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Figure 12. Reaction between DPPH and antioxidant [60].

The antioxidant activity of test samples is expressed as the percentage of reduction
of the DPPH radical by the sample with respect to the control sample. The content of
antioxidants can also be expressed as the amount of reference substance equivalents (e.g.,
Trolox, ascorbic acid) or as the degree of DPPH radical scavenging [59,60]. This method is
fast and accurate. The obtained results are reproducible and comparable with the results
obtained by other methods. It is widely used to measure the antioxidant capacity of natural
raw materials such as fruit, juices, food, and plant extracts [59].

The result of measurement by DPPH method are presented in Table 12.

Table 12. Data obtained for the calibration curve.

Trolox concentration (mg/L) 0.4984 1.9936 3.4888 3.9870 4.9840
Absorbance 0.861 0.406 0.790 0.902 1.015
% DPPH 6.16 24.16 41.82 49.01 60.63

In Figure 13 the dependence of the percentage of the scavenged radical on Trolox
concentration is presented.

70

60 y=12.169x-0.0372 .-

50 R?=0.9996 @
40 L

30
20
10

0

Figure 13. The dependence of the percentage of the scavenged radical on Trolox concentration
(%DPPH vs. Trolox concentration).

Statistical analysis of the performed results is presented in the Table 13.

Table 13. Statistical analysis of calibration curve.

Parameter Value
Curve slope a 12.169 £ 0.427
Curve intercept b —0.0372 + 1.4444
Limit of detection LOD (mg/L) 0.19
Limit of quantification LOQ (mg/L) 0.46
Coefficient of determination R? (%) 99.96

Based on the parameters of the calibration curve, the total antioxidant content in terms
of Trolox equivalent in the tested samples were calculated (Table 14).
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Table 14. Obtained results with statistical evaluation.

Parameters/Samples Collagen Control Collagen/Meliss
P Xmean + SD AXmean + SD
Xmean £ SD. mg TE/g 0.62 £+ 0.06 290+0.23

TE—Trolox equivalent; Xmean—average value; SD—standard deviation.

Antioxidant activity of collagen/melissa based materials has been proved by several
independent methods. The antioxidative properties can be promising for future applica-
tions in cosmetics.

4. Discussion

Melissa officinalis exhibits several properties which can be used in biomaterial prepara-
tion [53,54]. The increasing attention of topical application of Melissa officinalis extracts and
oils as novel antimicrobial and antiviral pharmaceuticals induce research on the incorpora-
tion of Melissa officinalis in natural biomaterials, which will be compatible with human skin,
and comprise a matrix for the active substance. In this research, we tried to obtain collagen
material modified by melissa. The performed infrared spectroscopy analysis confirmed the
presence of collagen and indicated a band at 1377 cm~!, which represents O-H stretching
in carboxylic acid and O-H band phenol group present in rosmaric, gallic, and phenolic
acid in the Melissa officinalis extract. The shift of amide A observed in the collagen and
Melissa officinalis sample may be caused by creating the hydrogen bonds between the
natural extract and collagen. As mechanical properties of collagen films were worse after
the addition of melissa, we can conclude that only weak hydrogen bonds can be formed
between collagen and components of melissa, so melissa is not a good cross-linking agent
for collagen. The performed Atomic Force Microscopy proved that the addition of melissa
modifies superficial and film-forming properties of collagen. The roughness of collagen
films varied depending on Melissa officinalis addition. It may influence the adhesion of
collagen to the skin.

The research on the antioxidant activity of collagen films without the extract and with
lemon balm extract clearly shows that biologically active compounds with an antioxidant
nature have been associated with the collagen matrix without losing their properties.
This increases the potential anti-aging effect of the collagen film on the skin surface. The
antioxidant activity (AA) determines the ability of the tested material to counteract a specific
oxidation reaction, i.e., it determines the measure of the ability of the substance to delay
oxidative processes. This value describes the antioxidant properties of a given system
better than the concentrations of all antioxidants contained in the sample determined
separately [55]. Radical scavenging activity is significant because of the damaging role
of free radicals to the skin, food, and biological systems. Tests based on the capacity to
scavenge free radicals employ diverse radical-generating methods for detection of the
oxidation end point. Using in vitro assays such as FC, FRAP, CUPRAC, and DPPH the
antioxidant activity of Melissa officinalis was confirmed. The antioxidant ability of Melissa
officinalis may be utilized as an effective factor in anti-aging cosmetics. As the literature
has shown, such materials like silk fibroin, mulberry, and melissa constitutes potential
antioxidative ingredients for cosmetic products [61] as well as Lentinus edodes, Acacia
dealbata flowers, or grape pomace [62]. Confirmation of the antioxidant activity and the
proper choice of active plant extract as well as synergic effect with other ingredients in the
cosmetic formulation comprises an important factor to create an effective cosmetic product.
The quantity of the Melissa officinalis extract used in this study modifies the structure of
collagen films and changes its superficial and mechanical properties. The variety of natural
active substances present in the Melissa officinalis extract makes it the valuable agent of
broad application in the fields of cosmetics, pharmacy, and medicine. When creating a
biomaterial including Melissa officinalis extract, it should be taken into account that the
hydrogen bonds created among the gallic acid, phenolic acid, and rosmaric acid may be
the reason for the impediments in forming a new biomaterial.
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5. Conclusions

Melissa officinalis extract can be incorporated into collagen solutions and films. How-
ever, the results showed that the addition of melissa extract led to the decrease of mechan-
ical properties of collagen films. Tensile strength of melissa-incorporated collagen films
is significantly lower than in collagen film, likewise for tensile stiffness. The addition of
melissa extract slightly modifies the superficial properties of collagen films. The decrease
of mechanical properties and only slight modification of the surface properties are probably
caused by hydrogen bonding between melissa components, and only part of them can form
hydrogen bonds with collagen. The addition of melissa to collagen leads to materials with
antioxidant activity, which can be potentially useful in anti-aging cosmetic products. Fur-
ther research is required to study biological activity and the cosmetic potential of melissa
extract incorporated collagen films.
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