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ABSTRACT: Rhamnolipid, poly(R)-3-hydroxybutyrate (PHB), and ectoine
are sustainable compounds produced by specific bacteria known for their
protective benefits, including promoting skin health in applications, such as
facial wash, sunscreens, and moisturizers. These compounds have been
extensively studied due to their unique physicochemical properties and
biocompatibility. Leveraging these beneficial properties, this study aimed to
create a multifunctional protective formulation by synthesizing nanoparticles
from PHB and ectoine, which are acknowledged for their anti-ultraviolet B
(UVB) and anti-irritation properties. The covalent bonding of PHB and ectoine
was achieved using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC),
and the nanoparticles were produced through centrifugation. The synthesized
nanoparticle (PHB−ectoine NPs) was physicochemically characterized and
tested for anti-irritation and anti-UVB properties in vitro. The characterization
revealed a homogeneous spherical shape with a distinct layered structure, primarily composed of carbon and oxygen. The PHB−
ectoine NPs measured 527 ± 228 nm in size, had a zeta potential of −61.47 ± 0.64 mV, and exhibited notably higher anti-irritant
and anti-UVB activities compared to PHB alone, by over 10 and 4 times, respectively. Furthermore, the addition of a rhamnolipid
solution as a dispersant provided the nanofluid with antibacterial properties againstStaphylococcus aureus. These results indicate that
the rhamnolipid−PHB−ectoine nanoformulation shows significant potential as a multifunctional skin protective agent with anti-
irritation, anti-UVB, and antibacterial capabilities.

1. INTRODUCTION
Skin is the largest human organ, accounting for 16% of total
body weight, and it covers the outside of the body.1 Skin
functions as a mechanical barrier, an immune system, and a
sensor to regulate body temperature or synthesize vitamin
D.2−5 The integrity of the skin is compromised by internal and
external factors, such as protein deficiency, vitamin shortage,
radiation, chemicals, and microorganisms. These factors affect
the structure and function of the skin, which increases the
susceptibility to dermatological disorders or skin diseases.6

Cosmetics have been used for centuries to preserve the
cleanliness, beauty, health, and integrity of the skin.7 In
general, cosmetics consist of a combination of water,
emulsifiers, thickeners, fragrances, pH stabilizers, preservatives,
and cosmeceuticals.8 Many of these materials are derivatives of
petroleum or mineral oil, which are not biodegradable and are
dangerous to the skin.9 In 2019, Panico et al. reported several
dangerous compounds contained in 283 cosmetic products on
the market. Benzophenone, toluene, dibutyl phthalate,
limonene, parabens, and heavy metals, which are often used
as sunscreens, cosmetic solvents, fragrances, preservatives, and
whitening agents, are allergens, irritants, carcinogens, and
toxicants for humans.10 To address these concerns, much
research has focused on sustainable and natural cosmetics

derived from microbes and enzymes, such as PHB, ectoine,
and rhamnolipid.11−14

PHB is a natural biopolymer belonging to the short-chain-
length polyhydroxyalkanoates (scl-PHAs) family, characterized
by 3−5 carbon chains.15 It is synthesized by various bacteria,
such as Cupriavidus necator, as intracellular granules under
nutrient-limiting conditions with an excess of carbon
source.16,17PHB is highly biocompatible, biodegradable, and
nontoxic, making it an excellent candidate for applications in
bioplastics, medical devices, and cosmetics.18−21To broaden its
applications, PHB has been tailored by modifying its
properties.22 In 2018, Lin et al. prepared antibacterial
hydrophobic nanofibrous membranes by electrospinning
PHB and poly(butyleneadipate-co-terephthalate) (PBAT)
grafted with 1-allylhydantoin and perfluorooctyl acrylate. The
results showed that the membrane exhibited significant
bacterial reduction, good hydrophobicity, and UV-A stability.23
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In the cosmetic field, PHB has been reported to be nontoxic to
skin keratinocytes, making it suitable for topical use on the
skin.24 Prior studies have observed that PHB could stabilize a
drug delivery system of liposomes, control the release of active
agents in the skin, while increasing the UV light scattering
effect by doubling the sun protection factor (SPF) value.25

Other literature studies also show that PHB can be used as an
exfoliating agent in cosmetic products. Beyond its biocompat-
ibility and mechanical properties, PHB also exhibits piezo-
electric behavior, with a piezoelectric constant comparable to
collagen (d14 = 1.6−2.0 pC/N). This property allows PHB to
generate surface polarization under mechanical deformation,
which may influence its biological interactions, including
antibacterial activity and skin protection. Previous studies have
demonstrated that piezoelectricity in biomaterials can modu-
late bacterial adhesion and cellular responses, suggesting a
potential role in enhancing PHB’s efficacy in cosmetic
applications.26 In addition, the presence of an electric field at
the material’s surface has been linked to increased antimicro-
bial properties through electrostatic interactions and reactive
oxygen species (ROS) generation.27 While the direct influence
of PHB’s piezoelectricity on skin protection has not been fully
explored, these findings open new avenues for understanding
its multifunctionality in cosmetic formulations. Moreover, in
2025, Choi and Choi produced indirubin-incorporated PHB
microbeads with potential for facial cleansers and eco-friendly
future cosmetics.28 While PHB has nontoxic, SPF, and
exfoliation properties to be used in cosmetic products, other
materials such as moisturizers are usually added to the
cosmetic formulations to avoid irritation on the skin.29

Ectoine (2-methyl-1,4,5,6-tetrahydropyrimidine-4-carboxylic
acid) is one of the cosmeceuticals produced by halophilic
bacteria, with a structure that can promote hydrogen bonding
in aqueous solutions.30 Ectoine can bind water and form an
ectoine-hydro complex that acts as a protective layer on the
surface of cells and macromolecules. This allows ectoine to
stabilize cell membranes, proteins, nucleic acids, complexes of
DNA-proteins, and skin tissue.31 The characteristics of ectoine
have been explained by molecular dynamic simulations that
show the cluster of water around ectoine is stable for a long
period of time.32 Ectoine can bind strongly to water and
prevent the loss of transepidermal water, which is beneficial for
moisturizers and acts as an anti-irritant in cosmetic
formulations.33

Another material used in cosmetic formulations is a
surfactant. Surfactants have functions such as foaming,
emulsifying, and wetting agents.34−36 However, synthetic
surfactants are non-biodegradable and become toxic to humans
and the environment.37 As concerns in the cosmetic field,
synthetic surfactants are reported to be more aggressive toward
the skin and capable of causing irritation and allergic
reactions.38,39 In comparison, surfactants produced by micro-
organisms (biosurfactants) are less irritant with low skin
toxicity, excellent surface properties, and stability at extreme
pH, temperature, and salinity. This makes biosurfactants an
alternative to synthetic surfactants in cosmetic formulations.40

One biosurfactant currently attracting the attention of
researchers is rhamnolipid.41

Rhamnolipid is a biosurfactant belonging to the glycolipid
group, composed of a rhamnose sugar moiety and β-hydroxy
fatty acid chains, typically C10−C14.42 The primary producer
of rhamnolipid isPseudomonas aeruginosa.43 Unlike medium-
chain-length polyhydroxyalkanoates (mcl-PHA), which are

intracellular polymers accumulated as granules for energy
storage under nutrient-limiting conditions with excess carbon,
rhamnolipids are extracellular biosurfactants synthesized to
reduce surface tension and facilitate the emulsification of
hydrophobic substances under nitrogen-limiting conditions
combined with excess carbon sources.44,45 The unique
amphiphilic structure of rhamnolipids gives them exceptional
surfactant and chelating properties. Furthermore, rhamnolipid
exhibits favorable characteristics, including low toxicity, high
biocompatibility, biodegradability, and excellent bioavailabil-
ity.46 These properties make rhamnolipids valuable in various
applications, particularly in the health sector, where they have
demonstrated anticancer, antifungal, antiviral, and antibacterial
activities.47,48 In addition, their significant emulsifying activity
makes them a promising alternative to synthetic surfactants in
cosmetic formulations, serving as emulsifiers, foaming agents,
and active antibacterial agents.49

Other studies using nanotechnology in the field of cosmetics
reveal an increase in the activity of the active ingredients found
in cosmetics. It has been stated that nanoparticles with a size
range from 10 to 1000 nm can easily be absorbed into skin
pores and improve their efficacy.50 In 2024, Phothong et al.
used PHB to encapsulate astaxanthin as an exfoliator that does
not cause sensitization or irritation to the skin. The research
results showed that PHB-based active compounds are not toxic
according to ISO 10993-5 and have the potential to be used in
cosmetics.21 In this study, a new material will be prepared
based on the combination of PHB and ectoine to form
nanoparticles (PHB−ectoine NPs) by using the cross-linking
method with additions of 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC). The prepared PHB−ectoine NPs were
characterized by FTIR, NMR, SEM-EDX, TEM, PSA, and zeta
potential. Furthermore, rhamnolipids will be used as
antibacterial and dispersant agents of PHB−ectoine NPs in
the formulations. Regarding their application in the cosmetic
field, the resulting material is tested for its anti-irritant, anti-
UVB, and antibacterial activities. Their antibacterial activity
will be tested against Gram-positive bacteriaStaphylococcus
aureus (S. aureus) and Gram-negative bacteriaEscherichia coli
(E. coli) using well diffusion methods. Meanwhile, the anti-
irritant activities are gravimetrically analyzed using the Zein
protein method, and the anti-UVB value is obtained from the
ultraviolet spectrophotometry method.

The versatility of PHB as a natural polyester that can
undergo chemical modification has been emphasized in various
studies. Lenz and Marchessault (2005) highlighted PHB’s
potential for diverse applications due to its biodegradability
and reactivity.51 Hazer and Steinbüchel (2007) reviewed the
diversification of PHAs through chemical modifications such as
grafting and crosslinking, showing their potential for industrial
and medical applications.52 Hazer et al. (2012) underscored
the importance of introducing functional groups through
chemical modification to improve PHB’s mechanical, thermal,
and hydrophilic properties. Such modifications are essential for
broadening the applicability of PHB in biomedical fields.53

Similarly, El-Malek and Steinbüchel (2022) highlighted the
significance of chemical and enzymatic modifications in
enhancing the sustainability and functionality of PHAs,
particularly for medical and therapeutic uses.54 Domenek et
al. (2007) demonstrated the utility of carbodiimide chem-
istries, such as N,N′-dicyclohexylcarbodiimide (DCC), for
grafting molecules onto PHAs to improve their hydrophilicity
and stability.55 Hazer et al. (2020) highlighted strategies for
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modifying PHB to create advanced polymers with enhanced
functionality.56 Borcakli et al. (2003) explored the biosynthesis
of PHAs using diverse substrates, showing how structural
diversity impacts material properties.57 Chen (2009) high-
lighted PHB’s potential in drug delivery and bioimplants,
emphasizing its biodegradability and biocompatibility.58 Ashby
and Foglia (1998) demonstrated PHB’s adaptability for
modification through biosynthetic and chemical means.59

This study integrates these principles using EDC to develop
PHB−ectoine NPs with enhanced stability, bioactivity, and
multifunctionality for advanced cosmetic applications. These
nanoparticles are designed to address the limitations of native
PHB and expand its use in the biomedical and cosmetic fields,
supported by the comprehensive understanding provided by
prior studies.

2. RESULT AND DISCUSSION
2.1. Synthesis of PHB−Ectoine NPs. EDC, a zero-length

carboxyl-to-amine crosslinker, was used in the synthesis to
facilitate the covalent binding between the carboxylic acid
group of PHB and the amine group of ectoine through the
formation of an amide bond.60 Zero-length crosslinkers enable
the creation of direct covalent bonds between functional
groups without introducing additional spacer molecules into
the final product.61

In this process, EDC activates the carboxylic group in PHB
by generating an o-acylisourea intermediate through an ester
linkage (Figure 1A). This intermediate compound is highly
electrophilic and reacts readily with nucleophiles,62 such as the
secondary amine group in ectoine. The reaction between o-
acylisourea and ectoine results in the formation of a new
PHB−ectoine compound and isourea as a byproduct (Figure
1B).

The use of a zero-length cross-linker ensures that the final
PHB−ectoine is formed without any residual linker molecules,
preserving the simplicity and integrity of the product structure.
EDC is not incorporated into the final product. Additionally,
isourea, as a water-soluble by-product of the crosslinking
reaction, can be easily removed.63 The PHB−ectoine NPs
were subsequently isolated as a white powder through
centrifugation to remove isourea.

2.2. Characterization of PHB−Ectoine NPs. 2.2.1. Func-
tional Groups Analysis of PHB−Ectoine NPs by FTIR. The
FTIR spectra of PHB−ectoine NPs, along with those of
standard PHB, ectoine, and rhamnolipid, are presented in
Figure 2. The absorption band at 3448 cm−1 in the PHB−
ectoine NPs spectrum can be attributed to N−H stretching,
similar to the 3197 cm−1 region observed in the ectoine
spectrum, or to terminal O−H groups at the polymer chain
ends, which typically exhibit a weak signal around 3439 cm−1

in the PHB spectrum.64,65 However, a precise interpretation
must account for potential molecular interactions between the
components. The presence of a C�O stretching band at 1663
cm−1 indicates the formation of amide bond between PHB and
ectoine. The absorption between 1630 and 1680 cm−1 is
known to be the C�O stretching peak of the amide functional
group.66 If the reaction has occurred, the N−H group of
ectoine is expected to have reacted with the carboxyl
(−COOH) group of PHB,67 thereby diminishing the like-
lihood of a free N−H stretching vibration at 3448 cm−1.
Consequently, the 3448 cm−1 peak in the PHB−ectoine NPs
spectrum is more likely attributed to residual terminal O−H

groups from PHB or unreacted hydrophilic moieties from
ectoine.

The amide absorption peak in the PHB−ectoine NPs
spectra is not prominent due to the small number of ectoine
compounds that are bound to PHB. Based on the PHB
structure, the ectoine is only bound to the end of the PHB
polymer chain. These data are supported by the very high C�

Figure 1. Synthesis reaction of PHB−ectoine NPs. (A) Activation of
the carboxyl group in PHB by EDC and (B) formation of PHB−
ectoine NPs and the by-product isourea.
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O stretching absorption peak at 1738 cm−1, which indicates
the presence of carboxylic acids and aliphatic ketones that
resulting in a shift of the amide C�O stretching wavenumber,
corresponds to the ectoine and PHB standards at 1625 and
1735 cm−1.65

Based on the FTIR spectrum, the typical absorption peaks
for each compound are summarized in Table 1. The presence

of CH3 and CH2 functional groups in PHB−ectoine NPs was
observed at 2995 cm−1, corresponding to the CH stretching
vibrations at 2978 and 2930 cm−1 in standard PHB. These
values are also consistent with the CH stretching bands at 2977
and 2934 cm−1 previously reported for PHB from Clostridium
hydrogeniformans.68

Additionally, C−H stretching vibrations from the aliphatic
methyl and methylene groups within the ectoine ring were
observed at 3030 and 2803 cm−1. The presence of C−H
bending from CH3 was identified at 1454 and 1383 cm−1,
which corresponds to the characteristic CH3 bending
vibrations observed at 1489 and 1392 cm−1 in standard
ectoine, as well as 1459 and 1383 cm−1 in standard PHB.
These results align with the absorption peak at 1485 cm−1,
which has been attributed to C−H bending, possibly
overlapping with N−H bending.69

For further analysis, ectoine, as an amino acid derivative,31

has typical absorption peaks of the aromatic amine (C−N
stretching) at 1300 and 1210 cm−1 on the standard spectrum.
These absorption peaks also appeared at 1290−1121 cm−1 in
PHB−ectoine NPs. Meanwhile, PHB is a polymer resulting
from the condensation of alcohol with carboxylic acid,70 which
has a typical absorption peak of the C−O−C ester at 1285−
1058 cm−1 on the standard spectrum. FTIR analysis showed
that the synthesized PHB−ectoine NPs were successfully
bound, although they needed to be optimized.

To ensure the compatibility of the rhamnolipid−PHB−
ectoine nanoformulation, PHB−ectoine NPs were dispersed in
rhamnolipid solutions. The dispersion was stirred for 1 h, after
which the NPs were separated from the rhamnolipid solution
through centrifugation. The collected NPs were then freeze-
dried, and their structural properties were analyzed using
FTIR. Unexpectedly, the rhamnolipid did not alter the PHB−
ectoine NPs, as indicated by the red spectrum. Additionally,
the typical absorption peak of rhamnolipid at 1124 cm−1,
which signifies the C−O stretching of carbohydrates,71 did not
appear in the red spectrum. The analysis results suggest that
PHB−ectoine NPs do not bind directly to rhamnolipids but
interact through non-covalent bonds.
2.2.2. Structure Analysis of PHB−Ectoine NPs by 1H NMR.

The 1H NMR spectrum of the PHB−ectoine sample measured
in the CD3OD solvent shows chemical shift patterns that
match the expected structure, as shown in Figure 3. In the low-
field region (1.0−1.3 ppm), strong signals are observed,
corresponding to protons from the methyl groups in the
aliphatic chain of PHB. Additionally, the signal around 2.1
ppm is attributed to methylene protons, consistent with the
chemical shifts of 1.2 and 2.5 ppm reported for CH3 and CH2
protons along the PHB backbone inPseudomonas mandelii
CBS-1.72 This signal may also represent CH2 groups in the
ectoine ring, as observed at 2.0−2.1 ppm in ectoine spectra
from halophilic bacteria.73 The methine proton in PHB
appears at 4.8−4.9 ppm, similar to the 5.3 ppm shift reported
for PHB spectra fromPseudomonas plecoglossicida.74 This
proton is part of the CH group on a chiral carbon attached
to a hydroxyl group, which causes deshielding and typically
places it in the 4.8−5.2 ppm range.75

The 1H-NMR spectra of PHB−ectoine were compared to
those of standard ectoine (Figure 4) to assess structural
consistency. In the standard ectoine spectra, significant peaks
were observed at higher chemical shifts, including a singlet at
2.1 ppm, which corresponds to the methyl protons of the
ectoine ring. Similarly, the PHB−ectoine spectra displayed a
singlet at 2.2 ppm, indicating the retention of this characteristic
structural feature. Peaks in the 3.1−4.0 ppm region in the
standard ectoine spectra, attributed to protons bonded to
heteroatoms such as those in carboxylate groups or near
nitrogen, were also present in the PHB−ectoine spectra within
the same range, specifically at 3.3−4.0 ppm. This overlap

Figure 2. FTIR spectra of PHB, ectoine, PHB-ectoine NPs, and
rhamnolipid.

Table 1. Typical Absorption Peaks of Ectoine Standards,
PHB, and PHB-Ectoine NPs

Wavenumbers (cm−1)
Vibration
mode Functional groups

Ectoine
standard

PHB
standard

PHB−
ectoine
NPs

3197 - - N−H
stretching

Amine

3391 3439 3448 O−H Hydroxyl
3030, 2803 2978, 2930 2995 C−H

stretching
−CH3, −CH2

1625 1735 1738 C�O Carboxylate,
aliphatic ketone

- - 1663 C�O Amide
1489, 1392 1459, 1383 1454, 1383 C−H

bending
−CH3

1300,1210 - 1290, 1200,
1121

C−N
stretching

Aromatic amine

- 1285, 1130,
1058

- C−O−C
stretching

Ester
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confirms that the heteroatom-related proton environments are
preserved in the PHB−ectoine complex. Notably, major
chemical shifts have been reported at 2.21, 3.43, and 4.05
ppm in the ectoine spectra fromE. coli,76 further supporting
structural alignment.

Additionally, D2O was used as the solvent for the standard
ectoine spectra, with characteristic solvent peaks observed at
4.6−4.8 ppm due to deuterium. In contrast, CD3OD was used
as the solvent for the PHB−ectoine spectra, showing a solvent
peak at 3.31 ppm, corresponding to deuterated methanol.
These align with the solvent residual peaks of D2O and
CD3OD reported by Babij et al. (2016) at 4.79 and 3.31
ppm.77 Importantly, no significant peaks outside the relevant
chemical shift range were observed in the PHB−ectoine
spectra, indicating the absence of major impurities.
2.2.3. Morphological and Element Analysis of PHB−

Ectoine NPs by SEM-EDX and TEM Imaging. The
morphology and element composition of PHB−ectoine NPs
were characterized by SEM-EDX analysis.78 The PHB−ectoine
NPs were found to have a more homogeneous spherical shape
(Figure 5A). In contrast, the standard PHB, according to Rizki
et al. (2023), appears to have a slightly irregular spherical
shape.65 Similar findings were reported by Corrado et al.
(2022), indicating that PHB-loaded nanoparticles have a
spherical shape with an irregular surface.79 The incorporation
of ectoine into PHB particles alters the morphological shape of
the PHB (Figure 5B). PHB−ectoine NPs display two distinct
layers, highlighted by arrows in Figure 5C. Further analysis is
necessary to determine the composition of these inner and
outer layers. However, previous studies have demonstrated

PHB’s ability to load active compounds, such as curcumin80

and astaxanthin.21 Additionally, Figure 5D displays the
morphology of rhamnolipid−PHB−ectoine nanoformulation.
Rhamnolipid appears to be concentrated around the PHB−
ectoine particles. Supported by FTIR and PSA analysis,
rhamnolipid seems to reduce the size of PHB−ectoine NPs
without affecting their structure.

Further results with EDX analysis show that PHB−ectoine
NPs consist of 95.17% (mass) carbon (C), 4.41% (mass)
oxygen (O), and 0.41% (mass) nitrogen (N). Research by
Rizki et al. (2023), which used the same standard PHB, shows
that PHB itself consists of 63.58 ± 0.06% (mass) carbon (C)
and 36.42 ± 0.31% (mass) oxygen (O).65 The presence of
nitrogen, which is found only in ectoine in the PHB−ectoine
NPs, confirms the successful covalent bonding of ectoine to
PHB.
2.2.4. Particle Size Analysis of PHB−Ectoine NPs. The

synthesized PHB−ectoine NPs exhibited a less homogeneous
size distribution in water, ranging from 500 to 2500 nm. The
particle size distribution peaked at 950 nm, with an average
size of 1280 ± 610 nm (Figure 6A). The polydispersity index
(PI) of PHB−ectoine NPs in water was 0.574, indicating a
broad size distribution and potential particle aggregation.
Meanwhile, in rhamnolipid solution (Figure 6B), the particle
size was reduced to a range of 247−946 nm, with a peak at 455
nm and an average size of 527 ± 228 nm, along with a lower PI
of 0.291, suggesting improved dispersion stability. The size of
the particles influences the balance between van der Waals
attraction and electrostatic repulsion, which is critical for
maintaining dispersion stability. Smaller particles, with a higher

Figure 3. 1H NMR spectra of the PHB−ectoine NPs.
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surface-to-volume ratio, benefit more from electrostatic
repulsion to maintain stability compared to larger particles.81

Previous research has demonstrated that rhamnolipid can
lower surface tension in cosmetic formulations, making it
suitable for stabilizing suspensions in various applications.82

Therefore, the combination of PHB−ectoine NPs with
rhamnolipid has significant potential for use in skin care
products.
2.2.5. Zeta Potential Analysis of PHB−Ectoine NPs. The

surface charge properties and stability dispersion of the PHB−
ectoine NPs were characterized by zeta potential analysis in
distilled water at pH ±7. The zeta potential of PHB−ectoine
NPs is −61.47 ± 0.64 mV, greater than −45.10 ± 1.00 mV for
PHB−liposome that has been reported.25 PHB has an
isoelectric point of 5.4, which has a positively charged surface
in pH below 6.83 In PHB−ectoine NPs, the carboxylate group
of PHB forms an amide bond with ectoine; therefore, PHB
does not contribute to the charge. The level of negative charge
on PHB−ectoine NPs reflects the role of ectoine in providing
this charge. Ectoine in the PHB−ectoine NPs structure
contains a carboxylate group. It has been known that the
isoelectric point of ectoine is 3.2, so it also has a negative
charge at pH 7.84 Nanoparticles with zeta potential values
higher than +30 mV and lower than −30 mV are reported to
have higher stability.85

2.3. In Vitro Skin Protective Study of PHB−Ectoine
NPs. 2.3.1. Anti-Irritation Effectiveness. An anti-irritation

assay was carried out to determine the ability of PHB−ectoine
NPs in protecting skin proteins from surfactants commonly
found in cosmetic products, such as SDS and rhamnolipid. The
zein protein used is a maize protein from the prolamin group,86

which has a globular structure similar to the keratin protein
that is not soluble in aqueous solution unless it is denatured.87

This protein serves as an indicator of the potential
denaturation of keratin due to surfactant exposure. Figure 7
shows the diagram of the anti-irritation activity of PHB and
PHB−ectoine NPs using SDS and rhamnolipid as irritant
agents. The data are presented as the mean ± standard
deviation (SD), with experiments performed in triplicate to
ensure reliability and reproducibility.

Initially, a 1% (w/v) solution of SDS and rhamnolipid could
denature zein protein by 53.01% and 29.70%, respectively. The
difference in percentage denaturation indicates that rhamno-
lipid has non-irritating properties compared to SDS.88 The
inclusion of PHB dispersant at concentrations ranging from
0.5% to 1.2% (w/v) proved to be ineffective in protecting the
zein protein from the SDS and rhamnolipid solution. The zein
protein remained denatured by 38.32−46.63% when exposed
to SDS and by 14.07−24.82% when exposed to rhamnolipid.
These findings indicate that PHB does not have anti-irritant
properties and also did not provide a significant effect on the
irritant activity of SDS and rhamnolipid.

The prepared nanoparticles exhibited superior anti-irritation
efficacy compared to PHB. Incorporating 0.5−1% (w/v)

Figure 4. 1H NMR spectra of the ectoine standard.
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PHB−ectoine NPs dispersant resulted in a reduction of zein
protein denaturation to 3.23−16.2% and 3.50−55.86% when
exposed to SDS (Figure 7A) and rhamnolipid (Figure 7B)
solutions. In contrast to the SDS solution findings, the
incorporation of 0.5% (w/v) PHB−ectoine NPs results in an
elevation of the irritant potency of the rhamnolipid. Nonethe-
less, the optimal concentration for achieving the highest anti-
irritation activity was found to be 1% (w/v), where PHB−
ectoine NPs effectively suppressed protein denaturation to
3.23 and 3.50%, providing protection for zein protein by 96.77
and 96.5% against SDS and rhamnolipid. However, increasing

the concentration of PHB−ectoine to higher levels (1.2% w/v)
resulted in diminished effectiveness in protecting proteins from
SDS and rhamnolipid, with 37.79 and 5.57% of zein protein
denatured, respectively.

In 2020, Bujak et al. reported that the introduction of
ectoine into anionic surfactants decreases the irritant effects of
sodium lauryl sulfate (SLS), sodium coco sulfate (SCS),
sodium laureth sulfate (SLES), and sodium lauroyl sarcosinate
(SARKO). That finding aligns with the outcomes of this study,
which demonstrate ectoine’s capability to enhance the anti-
irritation properties of PHB from both synthetic and

Figure 5. SEM image of (A) PHB−ectoine NPs (×10,000 magnification). TEM image of (B) PHB (×40,000 magnification), (C) PHB−ectoine
NPs (×10,000 magnification), and (D) rhamnolipid−PHB−ectoine nanoformulation (×5,000 magnification).

Figure 6. Particle size distribution of PHB−ectoine NPs in (A) water and (B) rhamnolipid solution.
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biosurfactant exposure. The inclusion of ectoine in the PHB
structure enhances its safety profile for cosmetic applications,
as it diminishes its irritant potential.89 Furthermore, this
research suggests that rhamnolipid could serve as a gentler
alternative to synthetic surfactants in cosmetics due to its
potential as a biosurfactant.
2.3.2. Anti-UVB Activity (SPF Measurements). The anti-

UVB activity was assessed by determining the sun protection
factor (SPF) value, which previous researchers have validated
as a measure of sunscreen’s effectiveness against UVB
radiation.90 In this study, PHB demonstrated an SPF of 4.19
± 0.17, offering approximately 76.2% protection against UVB
rays. Covalent binding of PHB with ectoine enhanced this
protection to 82.3%. The synthesized PHB−ectoine NPs
complex exhibited an SPF of 5.64 ± 0.30, consistent with
earlier findings that highlight PHB’s ability to scatter UVB rays
and boost the SPF of other compounds it binds to.25 Further
analysis involving the addition of rhamnolipid into PHB−
ectoine NPs led to a slight reduction in SPF to 5.06 ± 0.24,
although the protection level remained around ±80%. A
summary of all SPF test results is presented in Table 2, where

SPF values are reported as mean ± standard deviation (SD),
with experiments conducted in triplicate. These findings
suggest that PHB−ectoine NPs show significant potential as
an anti-UVB agent, even when formulated as a nanofluidic with
rhamnolipid.

PHB−ectoine NPs exhibit the highest SPF value, high-
lighting the significant role of PHB within the nanoparticles,
where its UVB protection ability remains well preserved. The
mechanism behind UVB absorption typically involves electron
transitions, as the photon energy from UVB radiation is
sufficient to excite electrons. Structurally, PHB contains a C�

O functional group with electrons in the π and nonbonding (n)
orbitals, which are capable of absorbing UV light in the 200−
300 nm range.91 Furthermore, the covalent binding of PHB
with ectoine, forming an amide bond, enhances UVB
absorption, as the electrons in the C�O group of amide
bonds can also transition from the π and n orbitals to the π*
orbital. This explains why the SPF value of PHB−ectoine NPs
is higher than that of PHB.

UVB radiation can be highly dangerous. Previous in vivo
studies have shown that UVB radiation can affect the
morphology of the epidermal layer of the skin, disrupt the
permeability barrier system,92 cause morphological changes in
the lipids of the stratum corneum,93 increase transepidermal
water loss, and reduce skin hydration.94 In this context, the
prepared PHB−ectoine NPs can serve a dual function by
blocking UVB rays while simultaneously hydrating the skin.
2.3.3. Antibacterial Activity. Gram-positive (S. aureus) and

Gram-negative (E. coli) bacterial strains were utilized to assess
antibacterial activity using the well diffusion method. The two
bacterial strains were chosen due to their frequent involvement
in various skin-mediated infections.95 Notably, PHB−ectoine
NPs (10 mg/mL) demonstrated no antibacterial activity on
both bacterial strains (Figures 8A and 10A). This finding aligns
with the notion that ectoine possesses a robust capacity to bind
water, forming a hydro-ectoine complex that can shield
bacterial cells.32 Conversely, rhamnolipid (10 mg/mL)
exhibited antibacterial activity againstS. aureus (Figure 8B).
Specifically, rhamnolipid inhibited the growth ofS. aureus
bacteria by 515 ± 48 mm2, surpassing previous findings at the
same concentration, which reported an inhibition zone of 283
mm2.96 The inclusion of rhamnolipid as a dispersant conferred
an antibacterial property to the PHB−ectoine NPs againstS.
aureus bacteria. These findings are in line with prior studies
indicating the efficacy of rhamnolipids in controlling the
growth ofS. aureus.97

Figure 9 depicts the findings of a study evaluating the
antibacterial activity of rhamnolipid−PHB−ectoine nano-
formulation againstS. aureus, where the concentration of
PHB−ectoine NPs was varied to 5, 10, and 20 mg/mL. The
data presented in Figure 9 represent mean values ± standard
deviation (SD) from three independent experiments to ensure
reproducibility and accuracy. Variability in inhibition zone

Figure 7. Anti-irritation effectiveness diagram of PHB and PHB−ectoine NPs using (A) SDS (1% w/v) and (B) Rha (rhamnolipid) (1% w/v) as
irritating agent.

Table 2. Anti-UVB Test Results

Sample SPF % UVB protection

PHB 4.19 ± 0.17 76.2
Ectoine 1.61 ± 0.19 38.0
PHB−ectoine NPs 5.64 ± 0.30 82.3
Rhamnolipid 1.26 ± 0.16 20.4
Rhamnolipid−PHB−ectoine nanofluid 5.06 ± 0.24 80.2
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sizes may result from uneven antimicrobial diffusion, unstable
PHB−ectoine dispersion, inconsistent microbial growth, and
agent stability.98 Furthermore, particle size analysis (PSA)
confirms a non-uniform size distribution of PHB−ectoine NPs,
influencing diffusion rates and bacterial interactions, thereby
affecting inhibition zone measurements.99

However, at a concentration of 5 mg/mL, the nanofluid
displayed the highest antibacterial effectiveness (Figure 8C),
with an inhibition zone of 554 ± 22 mm2, surpassing the
antibacterial activity of rhamnolipid itself. Meanwhile, PHB−
ectoine NPs at concentrations of 10 and 20 mg/mL resulted in
inhibition zones of 534 ± 10 and 478 ± 34 mm2, respectively.
This underscores the capability of rhamnolipid to enhance the
antibacterial activity of PHB−ectoine in nanofluid form.S.
aureus is a common bacterium that lives on the skin and is the
most abundant skin-colonizing organism that causes skin
infections.100 The ability of PHB−ectoine NPs to boost the

antibacterial properties of rhamnolipids against this bacterium
holds promise for applications in the cosmetics industry.

Unlike the antibacterial activity observed against S. aureus,
rhamnolipid (Figure 10B) and nanofluids (Figure 10C)
exhibited no antibacterial effects againstE. coli. According to
a study by Ferreira et al. (2019), rhamnolipid demonstrates
resistance to Gram-negative bacteria, such as E. coli and
Salmonella enterica, across different pH levels.97 This resistance
is attributed to the protective outer membrane of Gram-
negative bacteria, which acts as a barrier that impedes the
antimicrobial action of the rhamnolipid. This outer membrane
effectively shields the bacteria from the effects of rhamnolipid,
rendering it ineffective against these organisms.101

3. CONCLUSION
The PHB−ectoine nanoparticles were successfully synthesized
using a straightforward solvation method, with EDC serving as
the cross-linking agent. FTIR analysis confirmed the formation
of an amide bond, indicated by an absorption peak at 1663
cm−1. SEM images revealed that the PHB−ectoine NPs had a
homogeneous spherical shape, composed of carbon, oxygen,
and nitrogen elements. TEM imaging further verified
encapsulation by two distinct layers, resulting in a zeta
potential of −61.47 ± 0.64 mV. These characterizations
confirmed the successful binding of PHB and ectoine
molecules. Additionally, in vitro analysis of the skin-protective
properties of PHB−ectoine NPs demonstrated notable anti-
irritant, SPF, and antibacterial activities. The nanoparticles
effectively protected and maintained the integrity of zein
protein when exposed to 1% (w/v) SDS and rhamnolipids,
showing a significantly higher anti-irritant potential than PHB
alone. Moreover, the PHB−ectoine NPs exhibited SPF activity
with an SPF of 5.64 ± 0.30, offering 82.3% UVB protection.
Antibacterial tests indicated that the rhamnolipid−PHB−
ectoine nanoformulation was capable of inhibiting the growth
ofS. aureus.These results underscore the potential of incorpo-
rating PHB−ectoine NPs with rhamnolipid as an active

Figure 8. Antibacterial activity test results againstS. aureus of (A) PHB−ectoine NPs (10 mg/mL), (B) rhamnolipid (10 mg/mL), and (C)
nanofluid (PHB−ectoine NPs 5 mg/mL and rhamnolipid 10 mg/mL).

Figure 9. Optimization results of PHB−ectoine NPs concentration in
nanofluids againstS. aureus.

Figure 10. Antibacterial activity test results against E. coli of (A) PHB−ectoine NPs (10 mg/mL), (B) rhamnolipid (10 mg/mL), and (C)
nanofluid (PHB−ectoine NPs 10 mg/mL and rhamnolipid 10 mg/mL).
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ingredient, offering anti-irritant, antibacterial, and UVB
protection, especially in cosmetic formulations.

4. MATERIALS AND METHODS
4.1. Materials. Ethanol (C2H5OH, 95−97%), distilled

water, EDC (C8H17N3·HCl), rhamnolipid (C32H58O13), Zein
protein, sodium dodecyl sulfate (SDS), and Mueller Hinton
Agar were purchased from Sigma-Aldrich (p.a.). Furthermore,
ectoine (C6H10N2O2) and PHB ([COCH2CH(CH3)O]n)
were obtained from natural origin and were distributed by
Sigma-Aldrich.

4.2. Methods. 4.2.1. Synthesis of PHB−Ectoine NPs. The
PHB−ectoine NPs were synthesized using a straightforward
solution process mediated by an EDC crosslinking agent at 45
°C. Initially, 500 mg of PHB was dissolved in 100 mL of
ethanol and homogenized at room temperature for 90 min.
Crosslinking of the particles was induced by adding 100 mg of
EDC, which acts by activating the carboxyl groups on the
particles. This activation allows the particles to react with
amine groups, forming covalent bonds and resulting in the
formation of crosslinked networks. Ectoine, which contains
amine groups, was then added dropwise at a constant flow rate
of 1 mL/min, and the mixture was allowed to react overnight
under stirring at 150 rpm and 45 °C. After the reaction, the
nanoparticles were collected by centrifugation at 5000 rpm for
30 min and freeze-dried for further analysis.102

4.2.2. Dispersing of PHB−Ectoine NPs in Rhamnolipid
Solutions. The rhamnolipid solution was prepared by
dissolving rhamnolipid particles in distilled water, followed
by homogenization through stirring at 150 rpm for 15 min.
The PHB−ectoine NPs were then added to the rhamnolipid
solution and further homogenized until a stable dispersion was
achieved.103

4.2.3. PHB−Ectoine NPs Characterization. 4.2.3.1. FTIR
Analysis. The functional groups and the presence of amide
bonds in PHB-ectoine NPs were confirmed using Fourier
transform infrared spectroscopy (FTIR) with a Prestige 21
instrument (Shimadzu, Japan). The PHB−ectoine NPs were
prepared into KBr pellets using a vacuum compression pump,
and the FTIR spectrum was recorded in the range of 500−
4000 cm−1.104

4.2.3.2. 1H NMR Analysis. The structures of PHB−ectoine
NPs and ectoine standard were recorded with an Agilent DD2
spectrometer system operating at 500 MHz, using residual and
deuterated solvent peaks as reference standards.105

4.2.3.3. SEM-EDX Analysis. The composition and surface
morphology of PHB−ectoine NPs were analyzed using
Scanning Electron Microscopy coupled with Energy-Dispersive
X-ray Spectroscopy (SEM-EDX) (JSM-6510A/JSM-6510LA,
JEOL Ltd., Japan). The sample was prepared by coating the
nanoparticles with a thin layer of gold on a carbon adhesive
plate, using a current of 10 mA for 20 min. Composition
analysis was conducted with an EDX detector, and the surface
morphology was observed at a magnification ranging from
10,000× to 20,000×.106

4.2.3.4. TEM Analysis. The internal structure of PHB−
ectoine NPs was analyzed using Transmission Electron

Microscopy (TEM) with an acceleration voltage of 100 kV.
A sample of PHB−ectoine NPs (1 mg/mL in distilled water)
was prepared by sonication for 15−20 min. A small amount of
the sample was then placed in the observation area. High-
resolution images of the nanoparticles were obtained at
magnifications ranging from 5,000× to 40,000× using an
electron beam.107

4.2.3.5. Particle Size Analysis. Particle size analysis was
conducted on water and rhamnolipid dispersions. To prepare
the sample, PHB−ectoine NPs were dispersed in water and
rhamnolipid to create a nanofluid with a concentration of 10
mg/mL. This mixture was then analyzed using a Particle Size
Analyzer (PSA) to determine the particle size distribution.
Data processing involved plotting the particle size diameter
against both frequency and cumulative amounts.108

4.2.3.6. Zeta-Potential Analysis. The zeta potential of
PHB−ectoine NPs was analyzed using Dynamic Light
Scattering (DLS) with a Horiba SZ-100 Nanoparticle Analyzer
(Osaka, Japan). The analysis was performed by dispersing the
nanoparticles in distilled water at a concentration of 5 mg/mL
and at a pH of 7.84

4.2.4. In Vitro Skin Protection Study of PHB−Ectoine Nps.
4.2.4.1. Anti-Irritation Effectiveness. The anti-irritation
effectiveness was assessed gravimetrically using zein protein
as a skin protein model, following a modified method from
Cohen et al., 2016. In this process, 0.25 grams of zein protein
were dissolved and stirred in 5 mL of PHB−ectoine NPs at
concentrations of 0.5%, 0.75%, 1%, and 1.2% (w/v in distilled
water) for 5 min. To induce irritation, 5 mL of SDS and
rhamnolipid (1% w/v in distilled water) were added, and the
mixture was stirred at 150 rpm for 60 min. The undenatured
zein protein residue was filtered through vacuum filtration and
dried overnight at 37 °C. The anti-irritation effectiveness was
calculated as the percentage of denatured zein protein using
the following eq 1 below:

= [ ±

]

[ ± ] ×

% zein denatured Total zein added to the solution( 0.25g)

Total zein(g)after drying

/ Total zein added to the solution( 0.25g) 100
(1)

For samples dispersed in distilled water, the percentage of
denatured zein must be calculated by subtracting the total
amount of sample (in grams) added to the solution. All
procedures were conducted in triplicate, and the anti-irritation
effectiveness of PHB standards was also evaluated for
comparison.109

4.2.4.2. Anti-UVB Activity (SPF Measurement). The
prepared PHB−ectoine NPs were dissolved in ethanol (96%
v/v) to a concentration of 200 μg/mL. The absorbance of this
solution was measured within the wavelength range of 290−
320 nm, with ethanol (96% v/v) serving as the blank. The Sun
Protection Factor (SPF) or anti-UVB activity was then
calculated using the Mansur eq 2 below:

= × × ×ISPF CF EE( ) ( ) Abs( )
290

320

(2)

Table 3. EE.I Constant Value at UVB Wavelengths

No. 1. 2. 3. 4. 5. 6. 7.

λ [nm] 290 295 300 305 310 315 320
EE.I 0.015 ± 0 0.081 ± 7 0.287 ± 4 0.327 ± 8 0.186 ± 4 0.083 ± 7 0.018 ± 0
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Where CF is the correlation factor (10); EE (λ) represents
erythema effectiveness; I(λ) denotes solar intensity; and
Abs(λ) is the absorbance measured for PHB−ectoine NPs at
UVB wavelengths. The EE.I values are constant and are
presented in Table 3 as the mean ± standard deviation.110 SPF
measurements were replicated three times. Ectoine, PHB, and
rhamnolipid standards were also studied for further compar-
ison. For all the obtained SPF value, the percentages of
protection are measured using the following eq 3:

= ×%UVB protection 1
1

SPF
100%i

k
jjj y

{
zzz (3)

4.2.4.3. Antibacterial Activity. The antibacterial activity was
assessed against S. aureus and E. coli by measuring the
inhibition zone using the well diffusion method. The sample
formulations tested in this study are given in Table 4.

Specifically, the bacterial suspension with a concentration
equivalent to McFarland 0.5 was added to Mueller−Hinton
Agar (MHA) medium at a temperature of 30−35 °C. The
mixture was then poured into plates to form the agar layer.
Wells were created in the agar layer, and 100 μL of the sample
was added to each well. The plates were incubated at 37 °C for
12−16 h. The area of the inhibition zone that formed was then
measured and recorded.111
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