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Abstract: Myrrh has unique medicinal properties: it is an anti-inflammatory, antifungal, and antibac-
terial material. The aim of this study was to assess the influence of ethanolic myrrh extract on the
production and properties of modified PP and PLA melt spun yarns. In this work, multifilament
yarns of polylactide (PLA) and polypropylene (PP) containing 10 wt% myrrh resin at different melt-
spinning drawing ratios (DRs) were prepared. The results of scanning electron microscopy revealed
that the multifilament yarns from polymers covered by myrrh resin extract had a smooth surface
without cracks or visible myrrh derivatives. The influence of myrrh resin on the mechanical properties
of PP and PLA multifilament yarns was analyzed, and it was found that the presence of myrrh (PP/M,
PLA/M) increased tenacity (cN/tex) and decreased the tensile strain (%) of melt spun yarns obtained
at different draw ratios (DRs). During optical analysis, it was found that the absorbance of yarns
increased in the entire UV region of the spectra, which was most likely determined by the presence of
myrrh. The degree of crystallinity and the wetting angle of PP/M and PLA/M multifilament yarns
increased compared with the pure PLA and PP multifilament yarns. This study concludes that the
presence of myrrh derivatives influences PLA yarns degradation rate and antibacterial effects against
Gram-positive bacteria.

Keywords: PLA; melt spinning; myrrh; multifilament yarns; antibacterial activity

1. Introduction

Manmade fibers can be produced by various methods. Conventional chemical textile
fibers are manufactured through wet, dry, or melt spinning processes. The melt-spinning
method is easy to use, adaptable to different systems and conditions, and suitable for
large-scale productions. It is an inexpensive and quick processing method that requires no
auxiliary agents, such as solvents [1–3].

Many polymers can be used in the melt-spinning process, such as polyesters (poly
(ethylene terephthalate) (PET), poly(butylene terephthalate) (PBT)) [4–6], polyurethanes,
polyolefins (polypropylene (PP), high-density polyethylene (HDPE), low-density polyethy-
lene (LDPE)) [7–9], polyamides (PA 6, PA 5) [8,10,11], and biopolymers (polylactic acid
(PLA), polycaprolactone (PCL), poly(glycolic acid) (PGA), poly(butylene adipate-co-
terephthalate) (PBAT), etc.) [12–15].

PP is a nonbiodegradable, thermoplastic polymer with good processing capability,
weldability, and mechanical properties. Due to the good compatibility of PP with various
modifiers, fillers, and reinforcing fillers, it has become a popular polymer with a wide
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range of applications [16]. The great thermal stability of PP makes it suitable for medical
applications where sterilization at relatively high temperatures is required. PP sutures
and hernia meshes have good resistance, stability, and low-tissue reaction [17–19]. PP
nanocomposites are one of the rarely explored thermoplastic hybrids in fiber technology.
Nanoparticles such as silver (Ag), titanium dioxide (TiO2), silica (SiO2), zinc oxide (ZnO),
and copper oxide (CuO) have been incorporated into PP [11,20–24]. Also, by using PP with
stearic acid [25], paraffin microcapsules [26], and carbon nanotubes [27], composite fibers
have been successfully melt spun.

PLA has been proven to be an ideal substitute for petroleum-derived polymers, and
biodegradable polymers have good biocompatibility and processability in melt-spinning
processes. The raw materials for PLA preparation come from renewable crops, such as corn,
sugarcane, and cassava [28]. PLA with carbon nanotubes [29], cellulose nano whiskers [30],
pine rosin [31], silver nanoparticles (AgNPs) [32], and Ag/PVP [33] have been successfully
melt spun to yarns. M. Kanerva and coauthors [31] formed PLA melt spun yarns with
20 wt% pine rosin using bioreagent-type copolymer surfactant (PF) F-127 by Pluronic;
without surfactant, only 10 wt% rosin could be used in the formation of PLA yarns.

Modified multifilament yarns can be used as antibacterial materials. Two types of addi-
tional species can be used in the formation of multifilament yarns: inorganic (nanoparticles
or microparticles of metals and their oxides, minerals) and organic (flavonoids, alkaloids,
etc.). With regard to the antibacterial properties of multifilament yarns, the most effective
inorganic materials that have been used in antimicrobial applications in textiles are AgNPs,
Ag/PVP, SiO2, TiO2, and ZnO [21,23,33,34]. Recently, more research has focused on the use
of natural compounds for antibacterial properties. Natural compounds may be from plants,
vegetables, fruits, or other natural resources that are rich in various bioactive compounds
such as flavonoids, alkaloids, etc. [35]. These compounds demonstrate various biological
effects, such as antibacterial, anti-inflammatory, or antioxidant effects. Their effect (biologi-
cal activity) can be used in the medical field by inserting these materials into the medical
textiles [36]. Natural compounds have already been added to polymer films, such as coffee,
cacao, basil oil extract, oregano, geraniol, and cinnamon oil [37–42]. Melt spun yarns have
been formed with colophony [31], natural pine/spruce rosin [8,31], and propolis [18]. One
natural compound is myrrh. Myrrh can be defined as an oleogum resin produced by
different species of Commiphora. It is composed of 3–4 wt% impurities, 7–17 wt% volatile
oils, 25–40 wt% alcohol-soluble resins, and 57–61 wt% water-soluble gum [43]. Myrrh has
unique medicinal properties: it can act as an anti-inflammatory, antifungal, astringent,
analgesic, antiseptic, and diuretic agent [44–46]. In previous studies [42], it was shown that
the best way to form PLA melt spun yarns is by using ethanolic myrrh extract instead of
water-based myrrh extract.

The aim of this study was to assess the influence of ethanolic myrrh extract on the
production of PP and PLA melt spun yarns, investigating the mechanical, thermal, optical,
and surface-wetting properties. We analyzed the antibacterial properties of PLA yarns in
order to prove the hypothesis that melt spun yarns with myrrh ethanolic extract may be
suitable for medical purposes.

2. Materials and Methods
2.1. Materials

Melt spun multifilament yarns were produced from polypropylene (PP) H253 FF/3
granules (Sibur International GmbH, Vienna, Austria) and fiber-grade polylactic acid (PLA)
6202D granules (Nature Works, Blair, NE, USA) with an average molecular weight of
140 kDa. Myrrh resin was imported from India (Ekokolekcija, Vilnius, Lithuania). Ethanol
(96 vol%) was used as a solvent for the production of myrrh resin extract.

2.2. Methodology of Preparation of Ethanolic Myrrh Extract

The myrrh resin particles were ground into fine powder before the extraction process.
For the extraction of raw myrrh, 96% ethanol was used. The ethanolic extract of myrrh
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was prepared by heating it at 90 ◦C for 12 h in a round-bottomed flask equipped with
an Allihn condenser. The flask was placed in a sand bath and stirred at 400 rpm using a
magnetic stirrer (IKA RH, basic KT/C, Staufen, Atlanta, GA, USA). The concentration of
the obtained ethanolic myrrh extract was 30%. The ethanolic myrrh extract was filtered
through a Buchner funnel with Filtrak No. 389 filter paper to remove undissolved solids,
such as sand and ground material [42].

2.3. Gas Chromatography–Mass Spectrometry Analysis of Ethanolic Myrrh Extract

The ethanolic myrrh extract was analyzed using gas chromatography–mass spectrome-
try (GC/MS) (SHIMADZU GC/MS-QP2010nc Ultra; Shimadzu Technologies, Kyoto, Japan)
equipped with a Shimadzu AOC-5000 autoinjector (Shimadzu, Tokio, Japan). A capillary
column RXi-5MS (30 m × 0.25 mm i.d. × 0.25 film thickness µm) (Restek, Bellefonte, PA,
USA) was used for analysis. The injection volume was 1 µL, the split ratio was 1:5 (v:v),
and the split injector temperature was 260 ◦C. Helium was used as the carrier gas with a
flow rate of 1.22 mL min−1. The column temperature was initially set to 50 ◦C and held
for 5 min, then increased to 200 ◦C at the rate of 2 ◦C min−1, and then to 315 ◦C at the rate
of 15 ◦C min−1, where it was held for another 5 min. The temperature of the detector ion
source and the interface were 200 ◦C and 280 ◦C, respectively. Mass spectra were acquired
at an ionization voltage of 70 eV, a scan rate of 2500 m/z within the range of 29–500 m/z,
and a scan time of 0.2 s.

2.4. Covering of Polymer Granules with Ethanolic Myrrh Extract

The polymer granules (PP and PLA) were covered with ethanolic myrrh resin solution
by a spraying process. The polymer granules were sprayed with ethanolic myrrh resin
extract, mixed with a glass rod in a Teflon dish, and dried at 80 ◦C for at least 60 min until
the ethanol had evaporated. This procedure was repeated several times, until PP and PLA
granules were loaded with 10 wt% of myrrh resin.

2.5. Melt Spinning of Multifilament Yarns

Four types of multifilament yarns were made: pure polymer PLA and PP yarns and
yarns made from PP and PLA granules coated with ethanolic myrrh extract (PP/M and
PLA/M, respectively). The yarns were obtained using a COLLIN® CMF 100 (Collin GmbH,
Maitenbeth, Germany) single-screw extruder [42]. All PLA granules were dried prior
to extrusion. The water content of the granules was determined using an automated
Karl Fischer titrator (756 KF coulometer equipped with a oven sample processor 774
(Metrohm, Herisau, Switzerland). The targeted water content levels were below 45 ppm.
The temperature in all seven heating zones of the single-screw extruder (L/D ratio of 25:1)
was set to 205 ◦C. The average extruder speed was set at 29 rpm. Circular spinnerets with
24 holes (diameter 0.45 mm) were used. The filaments were cooled using crossflow air
quenching at a temperature of 14 ◦C. The temperature of the stretching rolls was 75 ◦C in
all experiments. Multifilament yarns were formed by varying the speed of stretching rolls,
as presented in Table 1.

Table 1. Parameters for spinning to obtain multifilament yarns.

Code Samples
Temperature at

Heating Zones, ◦C
Speed of the Stretching Rolls, rpm

Drawing Ratio
S1 S2 S3 S4

PP1.5 PP

205

100 116 139 150 1.5PP/M1.5 PP + 10 wt% myrrh resin

PP2 PP
100 134 169 201 2PP/M2 PP + 10 wt% myrrh resin
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Table 1. Cont.

Code Samples
Temperature at

Heating Zones, ◦C
Speed of the Stretching Rolls, rpm

Drawing Ratio
S1 S2 S3 S4

PP2.5 PP

205

100 150 204 251 2.5PP/M2.5 PP + 10 wt% myrrh resin

PP3 PP
100 168 237 301 3PP/M3 PP + 10 wt% myrrh resin

PLA1.5 PLA

205

100 116 139 150 1.5PLA/M1.5 PLA+ 10 wt% myrrh resin

PLA2 PLA
100 134 169 201 2PLA/M2 PLA+ 10 wt% myrrh resin

PLA2.5 PLA

205

100 150 204 251 2.5PLA/M2.5 PLA+ 10 wt% myrrh resin

PLA3 PLA
100 168 237 301 3PLA/M3 PLA+ 10 wt% myrrh resin

2.6. Linear Density of Melt Spun Multifilament Yarns

Linear density of the yarns was measured according to the method described in our
previous work [42]. For the tests, the PP, PLA, PP/M, and PLA/M multifilament yarns
were conditioned for 24 h in the standard atmosphere according EN ISO 2060:1994 [47],
i.e., at a relative humidity of (φ = 65% ± 4%) and temperature of 20 ◦C ± 2 ◦C. The
specimens of 50 m in length were prepared by reeling skeins using a Zweigle L232 machine
(Zweigle Textilprüfmaschinen GmbH & Co., Reutlingen, Germany), to measure the linear
density of multifilament yarns. The mass of the skeins was determined under standard
atmospheric conditions using laboratory scales (KERN EW150-3M; Kern & Sohn GmbH,
Balingen, Germany).

2.7. Scanning Electron Microscopy (SEM) Analysis of Melt Spun Multifilament Yarns

Morphology and diameters of the melt spun multifilament yarns were determined
using an SEM S-3400N scanning electron microscope (Hitachi, Tokyo, Japan (beam voltage:
3 kV, magnification: 50×, scale bar: 1 mm)). The diameters of the fibers were evaluated
using SEM images and NIS-Elements D (Nikon Corporation, Tokyo, Japan). The average
diameter of 140 microfibers was calculated using measurements obtained from SEM images.

2.8. Mechanical Properties of Melt Spun Multifilament Yarns

Mechanical properties (tenacity (cN/tex) and tensile strain (%)) of the PLA and PP
multifilament yarns were determined according to the EN ISO 2062:2009 standard [48].
The experiments were conducted in a standard atmosphere at a temperature of 20 ± 2 ◦C
and a relative humidity of 65 ± 4%. Universal testing equipment (Zwick/Roell; Zwick
GmbH & Co. KG, Ulm, Germany) with the testXpert® (version V11.02 software) operating
programme was used. The length between the clamps was 100 mm for the PP and PP/M
multifilament yarns and 250 mm for the PLA and PLA/M multifilament yarns. A stretching
speed of 500 mm/min and a pretension of 0.5 cN/tex were used. The number of tensile
tests was 35.

2.9. Optical Properties of Melt Spun Multifilament Yarns

The UV–Vis diffuse reflectance spectra of PP and PLA melt spun multifilament yarns
were measured using a Lambda 35 UV/VIS spectrometer (Perkin-Elmer, Waltham, MA,
USA) over a wavelength range of 200–800 nm. Diffuse reflectance measurements of PP3,
PP/M3, PLA3, and PLA/M3 multifilament yarns were performed by wrapping multiple
layers (no fewer than 10) around the microscope coverslip.



Materials 2024, 17, 5843 5 of 20

2.10. Thermal Behavior of Melt Spun Multifilament Yarns

Differential scanning calorimetry (DSC) was performed on the melt spun multifilament
yarns using a Netzsch Polyma DSC 214 (NETZSCH-Gerätebau GmbH, Selb, Germany). The
experiments were conducted on pure PP3, PLA3, PP/M3, and PLA/M3 multifilament yarns
to obtain glass transition, melting, crystallization, and cold crystallization temperatures.
Approximately 5 mg of each sample was weighed into separate aluminum pans. The
heating and cooling scan rates were set to 10 ◦C/min−1 under a nitrogen atmosphere
with a flow rate of 20 mL/min−1. The procedure was as follows: first, a heating scan at
10 ◦C/min from 15 ◦C up to 240 ◦C, then an isotherm at 240 ◦C for 3 min, followed by a
cool down at 10 ◦C/min to 15 ◦C, and an isotherm at 15 ◦C temperature for 3 min. Then, a
second heating scan with a ramp-up of 15 ◦C to 240 ◦C at 10 ◦C/min−1 was performed. The
degrees of crystallinity of pure PLA and PLA saturated with resin samples were calculated
using the following equation [49,50]:

xc(%) =
∆Hm − ∆Hc

λ∆Hm1, o
× 100% (1)

where ∆Hm—melting enthalpy of PLA (J/g); ∆Hc—cold crystallization enthalpy of PLA
(J/g); λ—mass fraction of PLA in composite yarns; ∆Hm1,o—PLA melting enthalpy of 100%
crystal, of which the value was 93.6 J/g [51].

The degree of the crystallinity of PP and PP/M samples was calculated using the
following equation [52]:

xc(%) =
∆Hm

λ∆Hm2, o
× 100% (2)

where ∆Hm—melting enthalpy of PP (J/g); λ—mass fraction of PP in composite yarns;
∆Hm2,o—PP melting enthalpy of PP of 100% crystal, of which the value was 209 J/g [18].

2.11. Chemical Interactions Between Myrrh Resin and PP, PLA

The Raman scattering measurement was performed using a Raman microscope (inVia;
Renishaw, Kingswood, UK). To record the spectra, an exciting wavelength (λ = 633 nm)
was used that was provided by a helium neon laser. All peaks were obtained using a 50×
lens. The excitation beam from a diode laser with a wavelength of 532 nm was focused on
the sample using a 50× objective (NA = 0.75, Leica). The laser power at the sample surface
was 0.15–0.3 mW. For all measurements, the integration time was 10 s for all measurements.
The Raman Stokes signal was dispersed using a diffraction grating (2400 grooves/mm),
and the data were recorded using a Peltier-cooled charge-coupled device (CCD) detector
(1024 × 256 pixels). This system yielded a spectral resolution of about 1 cm−1. Silicon was
used to calibrate the Raman setup in both Raman wavenumber and spectral intensity.

For pure myrrh, Raman spectra were recorded using an Echelle-type spectrometer
Raman Flex 400 (Perkin Elmer, Rodgau, Germany) equipped with a thermoelectrically
cooled CCD camera (cooled –50 ◦C) and a fiber-optic cable for excitation and collection of
the Raman spectra. The 785 nm beam of the diode laser was used as the excitation source.
The 180◦ scattering geometry was employed. The laser power at the sample was limited to
30 mW and the beam was focused to a spot with a diameter of 0.2 mm on the electrode.
The integration time was 100 s.

2.12. Contact Angle on Melt Spun Multifilament Yarns

In this study, the wettability of the yarns was characterized by measuring the contact
angle using the static testing drop method. The absorbency tests using the drop method
were performed with two types of liquids: physiological saline (B. Braun Melsungen AG,
Hessen, Germany) and glycerol (Sigma–Aldrich, Chemie GmbH, Taufkirchen, Germany).
This test method measures the liquid absorbency of yarn by determining the time required
for a drop of liquid placed on the yarn surface to be completely absorbed into the yarn
(Figure 1). A droplet of approximately ~9 µL, either water or glycerol (7), was deposited
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onto the sample yarn from a height of 0.2 cm using the needle (5). The time was recorded
starting from when the droplet contacted the yarn and stopping when the reflection of light
at the edge of the droplet disappeared.
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The liquid drop is completely absorbed by the yarn, or the variation is irrelevant. This
is termed the drop absorbency time. The process was recorded using a stereo microscope
(Nikon SMZ 800) and a Nikon Coolpix 4500 digital camera (1–2) connected to a computer (3).
Changes in fluid angles in time were measured using the NIS element and compared with
the initial wetting angles at the initial observation time of 0 s. The average liquid absorption
time was calculated from 5 individual measurements.

2.13. In Vitro Degradation Test of PLA Melt Spun Multifilament Yarns

Degradation tests were performed only on PLA samples, as PP is nonbiodegradable.
Sorensen buffer solution and degradation conditions were prepared, according to the
standards ISO 13781:2017 [54]. For the accelerated degradation test, each sample was
incubated at 55 ◦C. The temperature of 55 ◦C was chosen based on Van’t Hoff’s rule to
create accelerated degradation conditions, enabling rapid degradation of the polymers.
Each sample was immersed in 30 mL of Sørensen buffer at pH = 7.4. For each yarn type
and time point, five specimens (n = 5) were degraded. The samples were shaken at 100 rpm
at 55 ◦C, and the Sørensen buffer was replaced weekly. Samples were collected for analysis
at the following time points: 0, 1, 2, 3, 4, 6, 8, 10, 12, 14, and 16 weeks. Each sample was
washed three times with distilled water and dried at 40 ◦C before being weighed [55].

2.14. Antibacterial Properties of PLA Melt Spun Multifilament Yarns

The antimicrobial activity of the multifilament yarns samples was tested against Gram-
negative bacteria E. coli (KMY1T) and Gram-positive bacteria S. aureus (ATCC25923). The
bacteria were cultured at 37 ◦C in liquid Luria Broth (LB) (Carl Roth GmbH +Co. KG,
Karlsruhe, Germany) medium (1.0 g tryptone, 0.5 g yeast extract powder, and 1 g NaCl
dissolved in 100 mL of deionized water). All LB medium was autoclaved prior to the
culturing. The control group used pure LB medium.

The suspension was incubated in an incubator (BIOSAN ES-20, Latvia) at 37 ◦C under
mild shaking conditions (220 rpm) through the night. Bacteria culture was grown for
16–18 h. Bacterial growth was determined using the optical density (OD) value of the
samples measured at 600 nm. After that, bacterial suspensions with an OD of 1 were
prepared by diluting the bacterial culture in LB medium. These new bacterial suspensions
were cultivated at 37 ◦C until the OD reached 0.6. Once the OD reached 0.6, multifilament
yarns samples were added to the flasks and incubated until the OD of the suspensions
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reached 1. After that, the bacterial growth was stopped. The bacterial suspensions were
diluted with autoclaved NaCl 0.9% solution, as presented in Figure 2, and then plated onto
LB-agar plates.

Materials 2024, 17, x FOR PEER REVIEW  7  of  21 
 

 

(ATCC25923). The bacteria were cultured at 37 °C in liquid Luria Broth (LB) (Carl Roth 

GmbH +Co. KG, Karlsruhe, Germany) medium (1.0 g tryptone, 0.5 g yeast extract powder, 

and 1 g NaCl dissolved in 100 mL of deionized water). All LB medium was autoclaved 

prior to the culturing. The control group used pure LB medium. 

The suspension was incubated in an incubator (BIOSAN ES-20, Latvia) at 37 °C under 

mild shaking conditions (220 rpm) through the night. Bacteria culture was grown for 16–

18 h. Bacterial growth was determined using the optical density (OD) value of the samples 

measured at 600 nm. After that, bacterial suspensions with an OD of 1 were prepared by 

diluting the bacterial culture in LB medium. These new bacterial suspensions were culti-

vated at 37 °C until the OD reached 0.6. Once the OD reached 0.6, multifilament yarns 

samples were added to the flasks and incubated until the OD of the suspensions reached 

1. After that, the bacterial growth was stopped. The bacterial suspensions were diluted 

with autoclaved NaCl 0.9% solution, as presented in Figure 2, and then plated onto LB-

agar plates. 

 

Figure 2. Bacterial suspension dilution scheme. 

Briefly, 50 µL of bacterial suspension at 10−6 dilution was distributed  into LB-agar 

plates and  incubated at 37 °C  for 24 h  in  the  thermostat. To evaluate  the antimicrobial 

activities of the samples, the reduction in colony number between the group with multi-

filament yarns and control group after incubation was determined. The percentage reduc-

tion was calculated using the following equation: 

𝐶 ൌ
𝐴 െ 𝐵

𝐴
ൈ 100s 

where C—the percentage reduction in bacterial colony numbers (%), and A and B — col-

ony-forming units (CFU ml−1) recovered from the control group and group with multifila-

ment yarns group, respectively, after inoculation and incubation. The bacterial colony was 

calculated using ImageJ (version 1.52av software). 

3. Results 

3.1. Estimation of Biological Active Compounds in Ethanolic Myrrh Extract 

Myrrh resin is rich in organic and inorganic elements and volatile oils, which help in 

healing  skin ulcers  and  sores  [45]. Gas  chromatography–mass  spectrometry  (GC–MS) 

analysis was used to investigate the compounds of ethanolic myrrh resin extract, and the 

results are presented in Figure 3. The major peaks of the chromatogram in Figure 3 are 

characteristic for the major compounds found in myrrh: (1) β-elemene, (2) curzerene, (3) 

lindestrene, (4) furanoeudesma-1,3-diene, and (5) 2-methoxyfuranodiene. Curzerene is a 

type of terpenoid; sesquiterpenes, like furanoeudesma-1,3-diene and lindestrene, a possi-

ble antiviral compound, have antibacterial, anti-inflammatory, and antiviral effects and 

analgesic properties [56,57]. The results correlated with other research studies where ma-

jor terpenoids were identified [58,59]. 
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Briefly, 50 µL of bacterial suspension at 10−6 dilution was distributed into LB-agar
plates and incubated at 37 ◦C for 24 h in the thermostat. To evaluate the antimicrobial activ-
ities of the samples, the reduction in colony number between the group with multifilament
yarns and control group after incubation was determined. The percentage reduction was
calculated using the following equation:

C =
A − B

A
× 100s

where C—the percentage reduction in bacterial colony numbers (%), and A and B — colony-
forming units (CFU ml−1) recovered from the control group and group with multifilament
yarns group, respectively, after inoculation and incubation. The bacterial colony was
calculated using ImageJ (version 1.52av software).

3. Results
3.1. Estimation of Biological Active Compounds in Ethanolic Myrrh Extract

Myrrh resin is rich in organic and inorganic elements and volatile oils, which help
in healing skin ulcers and sores [45]. Gas chromatography–mass spectrometry (GC–MS)
analysis was used to investigate the compounds of ethanolic myrrh resin extract, and
the results are presented in Figure 3. The major peaks of the chromatogram in Figure 3
are characteristic for the major compounds found in myrrh: (1) β-elemene, (2) curzerene,
(3) lindestrene, (4) furanoeudesma-1,3-diene, and (5) 2-methoxyfuranodiene. Curzerene
is a type of terpenoid; sesquiterpenes, like furanoeudesma-1,3-diene and lindestrene, a
possible antiviral compound, have antibacterial, anti-inflammatory, and antiviral effects
and analgesic properties [56,57]. The results correlated with other research studies where
major terpenoids were identified [58,59].
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3.2. The Influence of Myrrh Extract on the Linear Density and Mechanical Properties of Melt Spun
Multifilament Yarns

SEM images of pure PLA3, PP3 and PLA/M3, PP/M3 melt-spun multifilament yarns
are presented in Figure 4. Melt spun yarns have a smooth, homogenous surface without
cracks or visible myrrh derivatives (Figure 4b: PLA/M3 and Figure 4d: PP/M3). These
results correlate with other works. Yu and coauthors [60] formed composite PLA filaments
with 3% and 6% talc additive. The obtained composite filaments were homogenous and
had a smooth surface.
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In Figure 5, the variation in the linear density (tex) of melt spun PP and PLA yarns
is presented. It can be stated that thinner filaments are formed from PP/M and PLA/M
than from pure PP and PLA. The linear density (tex) of PP/M filaments is smaller, by 12%,
7%, 5%, and 5%, than pure PP, while PLA/M is smaller, by 20%, 7%, 3%, and 4%, than
pure PLA, at drawing ratios (DRs) of 1.5; 2; 2.5, and 3, respectively. Myrrh extract had a
significant influence on the linear density of multifilament yarns when they were formed at
the lowest DR—1.5. An increase in DR (from 1.5 to 3) resulted in a decrease in the linear
density of all yarns to about 50%. The DR influences the properties of the yarn due to
changes in polymer alignments and crystallinity, as well as the linear density of yarns.
An increase in DR resulted in an increased alignment of polymer chains in the drawing
direction, while a low DR resulted in a very brittle yarn with a high linear density. The
results correlate with other research studies [61–63].
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Figure 5. The dependence on linear density of PP, PP/M, PLA, and PLA/M melt spun yarns at
different draw ratios (DRs).

The tenacity (cN/tex) of the formed melt spun yarn is presented in Figure 6. The melt
spun yarns formed at higher DR were characterized by higher tenacity (cN/tex). Increasing
the DR from 1.5 to 3 resulted in an increase in the tenacity of all melt spun yarns. The
tenacity (cN/tex) of PP3, PP/M3, PLA3, and PLA/M3 increased by 43%, 50%, 52%, and
25%, respectively. The tensile strains of the different melt spun yarns are presented in
Figure 7. It can be observed that an increase in DR leads to a decrease in the tensile strain
(%) for all yarn types. The tensile strain (%) of melt spun PP3, PP/M3, and PLA/M3 yarns
decreased by 47%, 60%, and 38%, respectively, when the DR was increased from 1.5 to 3. S.
Noh and coauthors [12] analyzed the effect of draw ratio on the mechanical properties of
PLA melt spun yarns and stated that specific strength (cN/tex) increased as elongation at
break (%) decreased with an increasing draw ratio.
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Figure 6. The dependence of the tenacity of melt spun yarns PP, PP/M, PLA, and PLA/M on different
draw ratio (DR).

Melt spun yarns containing myrrh had higher tenacity (4–15%) and lower tensile
strain (13–35%) than pure PP or PLA yarns. It should be noted that at a DR of 1.5, PLA/M
showed 43% higher tenacity (cN/tex) compared to pure PLA. This indicates that at this DR,
pure PLA yarns were very brittle, complicating the analysis of their mechanical properties.

According to the presented results, it is possible to make an assumption that at a higher
draw ratio, the presence of myrrh increases chain mobility and induces crystallization
(Table 2); respectively, yarns with myrrh and at higher draw ratio have higher tenacity
(cN/tex) and lower tensile strain (%).
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3.3. Optical Analysis of Melt Spun Multifilament Yarns

UV–Vis spectroscopy analysis was used to investigate the changes in light reflectance
of pure yarns and myrrh resin multifilament yarns. It is shown in Figure 8a that for pure
PLA3, light reflectance decreases with decreasing wavelength. The reflectance begins to
decrease at 370 nm and reaches a minimum at 240 nm. The first minimum is observed at
approximately 300 nm. This peak could be attributed to ethylene copolymer additive in
PLA, which improves the toughness, flexibility, and impact strength of PLA parts produced
by the thermoforming and injection molding techniques [64]. The second peak of pure
PLA3 reflectance is at 240 nm and is due to the strong absorption of UV radiation by the
ester groups in the PLA polymer chain [65].
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Meanwhile, from the UV–Vis spectra of pure PP3 (Figure 8b), it can be observed
that the reflectance started decreasing at 360 nm. The reflectance minima (the peak of
absorbance) at around 200 nm and 230 nm are typical for π→π* electronic transitions in
CC double bonds in polymer chains [66,67]. The absorbance at 280 nm is, rather, due to
the nπ* transition in carbonyl compounds [66]. A peak at 300 nm could be a UV-stabilizer,
which usually has a peak at 290–300 nm [68].

PLA/M3 and PP/M3 (DR-3) yarns showed a significant increase in absorbance (de-
crease in diffuse reflectance) in the wavelength range of 750 to 400 nm, along with broad
and intensive absorption bands spanning the entire UV region (from 200 to 400 nm).
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PP/M3 yarns showed approximately 10% lower diffuse reflectance across the entire visible
light region compared to PLA/M3 yarns. The yarns with myrrh (PP/M3 and PLA/M3)
showcased higher light absorption than pure (PP3 and PLA 3) yarns, likely caused by the
myrrh coating. Myrrh resin has various volatile oils (elemol, eugenol, limonene, esters,
etc.) and alcohol-soluble resins (commiphorinic acids, commiphoric acids, commiferin,
heerabomyrrhols, etc.). Most of them are strong light-absorbers [45,69].

Multifilament yarns PLA/M3 and PP/M3 are characterized by a lower reflectance
in the visible and ultraviolet regions, which was caused by myrrh volatile oils due to
scattered light. The obtained results show that the addition of myrrh, which contains
organic compounds, led to an increase in transmittance. These findings correlate with the
results of other research that investigated the effects of adding organic compounds like
curcumin, cinnamon oil, or wine seed extract to the polymer matrices [37,70,71].

3.4. Thermal Behavior of Melt Spun Multifilament Yarns

The thermal characteristics and crystallization behavior of PLA3, PLA/M3, PP3, and
PP/M3 multifilament yarns were investigated using DSC. A higher draw ratio facilitates
orientation-induced crystallization of the PLA chains, thereby improving the thermal
properties of the PLA fibers [12]. For this reason, the influence of myrrh on thermal
properties of melt spun yarns was analyzed at the highest drawing ratio (DR: 3). The
corresponding thermograms are presented in Figure 9. The values of glass transition
temperature (Tg), crystallization temperature (Tc), exothermic enthalpy of crystallization
∆Hc (J/g), melting temperatures Tm1 and Tm2, cold crystallization temperature (Tcc), and
degree of crystallization (Xc) of the multifilament yarns are given in Table 2.

Table 2. DSC analysis of pure PLA and PLA with myrrh resin multifilament yarns.

Code of
Sample Tg (◦C) Tc (◦C) ∆Hc (J/g) Tm1 (◦C) Tm2 (◦C) Tcc (◦C) ∆H m (J/g) Crystallinity

Xc (wt%)

PLA3 57.1 106 34.9 153.7 161.5 49.4 44.7 11

PLA/M3 56.3 109.4 43.1 151.6 160.7 48.1 54.0 13

PP3 - - - - 162.9 120.1 102.9 49

PP/M3 - - - - 161.9 120.1 102.5 55

When analyzing the data for PLA multifilament yarns from Table 2, it is evident that
myrrh resin has no significant influence on Tg (with a difference of 0.6 ◦C) or Tm (with
a difference of 1–2 ◦C). One of the most important features of polymers is the degree of
polymer crystallinity. This refers to the overall level of crystalline components relative to
the amorphous component. The percent of crystallinity is related to many of the properties
of the PLA polymer, such as brittleness, toughness, modulus, optical clarity, and creep [72].
By analyzing the thermograms of the melt spun multifilament yarns, it is observed that
the multifilament yarns from PLA/M3 have a higher degree of crystallinity (Xc) than those
of PLA3. The exothermal crystallization temperature (Tc) for PLA3 was slightly lower
(106 ◦C) compared to PLA/M3 (109.4 ◦C). Biswal and coauthors [12] analyzed the effect
of essential oils on the thermal properties of PLA microparticles and stated that thymol
and other essential oils decreased crystallization temperature after the second round of
heating [73].

When analyzing the data for PP3 multifilament yarns from Table 2, it is evident that
there was no significant difference between Tm2, Tcc, and Hm of PP3 and PP/M3 yarns.
Myrrh had a significant influence on the increase in crystallinity degree of PP/M3 yarns
(from 49% for PP3 to 55% for PP/M3). This indicates that myrrh is a good nucleating agent
for PP polymer. Carrier talc did not influence Tm or Tc but resulted in an increase in Xc of
PP films in the study [74]. However, contrary to our results, carrier talc had a significant
influence on the decrease in enthalpy.
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Figure 9b presents the thermograms of pure PP3 and PP/M3. It can be concluded that
the PP3 samples, as well as the PP3 samples after the addition of myrrh, demonstrated
similar thermal behaviors. There was a notable reduction in melting point (Tm).

3.5. Raman Spectroscopy of Melt Spun Multifilament Yarns

Figure 10a shows the Raman spectra of pure PLA3 multifilament yarns and PLA/M3,
highlighting the main bands and their observed wavenumbers. A comparison of pure PLA3
and PLA/M3 revealed the typical peaks of PLA. Peaks at 3002, 2949, and 2882 cm−1 were
assigned to the CH3 group stretching vibration; asymmetric stretching 2995–3002 cm−1;
symmetric stretching 2944–2947 cm−1 and 2878–2889 cm−1 modes [75]. The second peak
of pure PLA corresponds to the C=O group stretching at 1770, 1454, and 1390 cm−1

symmetric deformation modes of the CH3 groups. The peak at 1365 cm−1 could be due
to the symmetric deformation modes of the CH3 group. The peak at 1224 cm−1 is an
asymmetric vibration band of C-O-C. The peak at 1301 cm−1 is likely due to the CH
symmetric deformation peak that is usually found between 1299 and 1305 cm−1. The
peak at 1129 cm−1 could be assigned to the CH3 group rocking vibration and the peak at
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1043 cm−1 to the stretching of the C-CH3 bond, while the peaks at 873 cm−1 and 396 cm−1

could be assigned to the vibrational states of the C-COO and C-CO groups, respectively. The
740 cm−1 peak showed the rocking vibration of C=O. The peak at 290 cm−1 is characteristic
of the vibration of two different groups: C-O-C and C-CH3 [76–78].
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A comparison of pure PP3 and PP with myrrh resin (PP/M3) revealed the typical peaks
of PP. The peak at 2953 cm−1 is asymmetric CH3 stretching vibration, while peaks at 2885
and 2842 cm−1 are for symmetric CH3 stretching. The peak at 2774 cm −1 is a symmetric
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CH2 stretching vibration. Raman peaks at the 1436 and 1459 cm−1 regions can be assigned
to the asymmetric bending vibration mode of the -CH3 group. The band displayed at
1359 cm−1 is related to the -CH3 symmetric bending vibration mode. The bending mode of
the CH and the twisting mode of the -CH2- group are assigned to 1329 cm−1. The bands
at 1220 cm−1 are allocated to the stretching of the C-C backbone. The band displayed
at 1359 cm−1 is related to the -CH3 symmetric bending vibration mode at 1152 cm−1 (C-
C stretching) and CH bending at 1038 cm−1 (CH bending). The peaks at 998, 974, and
942 cm−1 are for rocking stretching. At 900 cm−1 is CH3 stretching, 841 cm−1 is C-CH3
rocking, 810 cm−1 is C-C stretching, and CCH3 stretching is at 528 cm−1. CH2 wagging
and CH bending are at 320 and 455 cm−1, and CH2 wagging and CH bending are at 251
and 399 cm−1 [79–81].

As mentioned earlier, myrrh contains a lot of terpenoid sesquiterpenes, such as
curzerene, lindestrene, and furanoeudesma-1,3-diene. These compounds generated peaks
in the 1420–1460 cm−1 range, corresponding to the β(CH)2 scissoring vibration [82,83].
Moreover, in this region, there are very strong signals for the δCH3 asymmetric vibration at
1458 cm−1 and a weaker δCH3 asymmetric vibration at 1435 cm−1 [68]. PLA also shows a
strong asymmetric δCH3 vibration at 1454 cm−1, as seen in Figure 11. The signal for pure
myrrh resin is weaker than those for PP or PLA. We can assume that the stronger signals
for PP or PLA overshadow the sesquiterpenes signal.
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3.6. Contact Angle on Melt Spun Multifilament Yarns

The contact angles on melt spun yarns of the investigated liquids (physiological saline
and glycerol) are listed in Table 3. As can be seen in the table, different liquids have
different contact angles due to their different surface energies, which are influenced by their
chemical groups, with glycerol having a slightly higher surface tension (i.e., 76.2 mN/m)
than physiological saline (i.e., 73.9 mN/m). Glycerol has a higher contact angle, regardless
of the drawing ratio or material, when compared with physiological saline. Yarns with
higher linear density, formed at a lower drawing ratio (PLA1.5, PLA1.5M, PP1.5, and
PP1.5M), exhibit a higher surface area and smaller contact angles for the analyzed liquids.
The contact angles of melt spun yarns at a DR of 1.5 are 10–25% smaller than those of yarns
formed at a DR of 3 when using physical saline. With glycerol, the contact angles on the
same melt spun yarns are 4–10% smaller.

The presence of myrrh in multifilament yarns reduces their wettability, as the contact
angles of physiological saline and glycerol are 6–18% higher. These results correlate with
findings from studies analyzing PLA films with curcumin [68] or limonene [84]. The
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addition of hydrophobic materials to another hydrophobic material, such as PLA, results
in a composite with a higher liquid contact angle.

Table 3. The values of contact angle of liquids (physical saline and glycerol) on melt spun multifila-
ment yarns.

Liquid
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Time 0 10 20 60 120

Samples

PLA1.5 52.2 ± 1.4 81.1 ± 3.4 - 75.5 ± 3.6 - 73.9 ± 4.7 - 73.4 ± 4.0 - 72.2 ± 5.0

PLA/M1.5 62.7 ± 2.7 85.4 ± 5.9 50.9 ± 4.7 83.1 ± 8.5 40.5 ± 5.6 81.9 ± 8.9 - 80.9 ± 8.2 - 80.1 ± 7.2

PLA3 71.4 ± 1.6 87.6 ± 7.9 63.9 ± 4.0 83.1 ± 8.5 55.1 ± 4.1 81.9 ± 8.9 42.2 ± 6.5 80.9 ± 8 - 80.1 ± 7.2

PLA/M3 69.6 ± 8.3 88.2 ± 5.5 63.6 ± 8.1 84.3 ± 6.1 54.7 ± 7.4 83.9 ± 5.3 33.1 ± 8.7 82.9 ± 6.1 - 81.9 ± 6.9

PP1.5 54.8 ± 3.3 78.4 ± 5.2 34.8 ± 2.7 77.9 ± 5.3 18.1 ± 0.3 74.9 ± 3.2 - 71.9 ± 3 - 71.4 ± 2.4

PP/M1.5 62.5 ± 1.9 79.6 ± 0.9 34.2 ± 4.6 76.1 ± 2 22.9 ± 2.1 75.4 ± 2.4 - 72.2 ± 2.7 - 72.1 ± 2.8

PP3 60.6 ± 2.7 85.4 ± 5.7 50.3 ± 4.1 81.7 ± 7.5 42.9 ± 3.4 78.9 ± 6.7 37.3 ± 2.3 77.1 ± 5.3 - 77.0 ± 6.1

PPM3 64.7 ± 5.1 92.5 ± 2.9 54.9 ± 6.7 88.5 ± 7.4 43.6 ± 1.1 88.1 ± 5.7 30.7 ± 5.5 87.9 ± 5.1 - 86.7 ± 4.8

3.7. In Vitro Degradation Test of PLA Melt Spun Multifilament Yarns

To evaluate the effect of myrrh on the degradation of PLA multifilament yarns, the
mass loss of PLA3 and PLA/M3 melt spun multifilament yarns was analyzed over a 3-
month period. It is known that the diameter of yarns has a significant influence on the
degradation time, with thicker yarns generally exhibiting longer degradation time [85]. In
this study, PLA3 and PLA/M3 yarns were analyzed, with a linear density of 42.5 ± 0.9 tex
and 41 ± 1.5 tex, and a diameter of 44.4 ± 2.4 µm and 43.4 ± 2.2 µm, respectively. From
the results presented in Figure 12, it can be seen that PLA/M3 yarns had a higher weight
loss over the observation period. During the first four weeks, both types of multifilament
yarns decreased in weight by 10%. Beyond this initial period, the difference in weight loss
between the analyzed yarns continued to increase. The PLA3 multifilament yarns lost 20%
of their initial weight after 12 weeks, while PLA/3M lost the same amount after 8 weeks.
After 16 weeks, PLA3 yarns had lost 25% of their weight, while PLA/3M had lost 38%.
This suggests that myrrh resin is present within the PLA matrix, as the degradation process
began earlier, likely due to the acidity effect of myrrh [86]. All these results confirm that
myrrh increases the degradation of PLA melt spun yarns.
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3.8. Antibacterial Properties of PLA Melt Spun Multifilament Yarns

Myrrh contains various compounds, with about 300 molecules already described in
plants of the Commiphora genus. The predominant classes of these compounds are sesquiter-
penes (eudesmanes, elemanes, germacranes, and cadinanes, including furanoeudesma-
1,3-diene, curzerene, and lindestrene) and triterpene [56]. GC–MS analysis identified
the same compounds (β-elemene, curzerene, lindestrene, furanoeudesma-1,3-diene, and
2-methoxyfuranodiene) in the prepared ethanolic myrrh extract (see Section 2.1).

The antimicrobial activities of melt spun yarns were evaluated against pathogenic
bacterial strains, including both Gram-positive (S. aureus) and Gram-negative (E. coli)
bacteria. Melt spun yarns with myrrh did not show any antibacterial activity against E. coli.
This may be due to the differences in the cell wall structures of Gram-negative bacteria,
which vary chemically and structurally, depending on the strain (e.g., outer and inner
membranes, peptidoglycan layer, lipopolysaccharides, etc.) [87].

A different situation was seen when analyzing Gram-positive bacteria. As shown in
Table 4, PLA/M3 yarns inhibit the proliferation of S. aureus, achieving an approximately
84.42% reduction in bacteria colony counts compared to pure PLA multifilament yarns.

Table 4. Antibacterial activity of PLA/M3 and PLA3 melt spun multifilament yarns.

S. aureus,
Bacteria Reduction = 84.42%

S. aureus
Bacteria Reduction Didn’t Indicated
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Although the antibacterial effects of essential oils are often attributed to their main
components, studies have shown that this is not always the case. For example, curzerene,
a terpenoid with antioxidant properties, is known to be effective against diseases related
to oxidative damage. However, terpenes are not generally considered to be a group of
compounds with strong natural antimicrobial activity [58,87].

4. Conclusions

This study investigated the effect of myrrh resin on the properties of PP and PLA
melt spun multifilament yarns. It was determined that the presence of myrrh resin led to
significant changes in the mechanical, physical, and antibacterial properties of the yarns.
Multifilament yarns with myrrh resin exhibited slightly higher degrees of crystallinity (%),
which contributed to their higher tenacity (cN/tex) and lower tensile strain (%) compared
to pure PLA and PP yarns. PLA/M and PP/M multifilament yarns demonstrated the
highest absorbance across the entire UV region compared to pure PLA and PP yarns, likely
due to organic compounds in myrrh resin, which increase transmittance. The presence
of myrrh in multifilament yarns reduces wettability but increases the degradation rate
of biodegradable multifilament yarns. Melt spun yarns with myrrh did not show any
antibacterial activity against Gram-negative bacteria (E. coli) but reduced the proliferation
of Gram-positive bacteria (S. aureus).

This study provides insights into the development of antibacterial melt spun yarns
using natural myrrh resin. The observed changes in the structural, mechanical, physical,
and antibacterial properties show the potential of myrrh resin for use in yarns for various
applications in healthcare textile products. Further research must be carried out for broader
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analysis of antibacterial properties and increasing the wetting behavior of meltspun yarns
with natural myrrh derivatives.
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