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ABSTRACT

Mucoadhesive polymers are widely used in drug delivery to prolong residence time on mucus-covered surfaces and enhance drug
bioavailability, but conventional systems often suffer from broad molecular weight distributions and inconsistent performance.
Here, three different amphiphilic co-polymers based on bio-sourced myrcene and PEG-methacrylate are synthesized via Reversible
Addition-Fragmentation Chain Transfer polymerization, yielding well-defined polymers with narrow molar mass distributions.
Structural analyses using '"H NMR spectroscopy and gel permeation chromatography confirm predominant 1,4-addition and low
dispersity. Energy-filtered transmission electron microscopy and dynamic light scattering show self-assembled nanostructures
with mean diameters below 60 nm. In vivo toxicity evaluation in Galleria mellonella larvae demonstrates 100% survival after
48 h and prolonged polymer residence compared with PEG_4000. Mucoadhesion and mucopermeation assays reveal enhanced
adhesion with intestinal mucus, with up to 50% retention after 3 h, a 6.6-fold increase in mucus viscosity, and limited permeation
(~20%) into the mucus gel. Additionally, the polymers exhibit pronounced antioxidant activity (ECs, = 0.05% (m/V)) and
antimicrobial activity against Escherichia coli (E. coli). Overall, high regioselectivity and controllable polymerization, combined
with strong interactions with the intestinal mucosa, low toxicity, and biological effects, indicate that myrcene-based co-polymers
are promising bio-sourced candidates for use as active excipients in drug delivery.

Abbreviations: ! H-NMR, Proton nuclear magnetic resonance; AIBN, Azobis(isobutyronitrile); ATRP, Atom Transfer Radical Polymerization; BDATC, S, S’ -bis (a, o
-dimethyl-a”’-acetic acid) trithiocarbonate; CDCl;, deuterated chloroform; DBTDL, Dibutyltin dilaurate; DCC, N, N’- Dicyclohexylcarbodiimide; DCFDA,
2’,7’-Dichlorodihydrofluorescein diacetate; DMF, Dimethylformamide; DMF, dimethylformamide; DMSO, Dimethyl sulfoxide; DMSO-d6, deuterated dimethyl sulfoxide;
DPPH, 2,2-diphenyl-1-picrylhydrazyl; DTNB, Ellman’s Reagent, 5,5-dithio-bis-(2-nitrobenzoic acid); EF-TEM, energy-filtered transmission electron microscopy; FITC,
Fluorescein isothiocyanate; FluoNH,, Fluoresceinamine; FPT cycles, freeze-pump-thaw cycles; H,0,, hydrogen peroxide; HBS, HEPES buffer saline with glucose; ICs,
Half-maximal inhibitory concentration; MTBE, methyl tert-butyl ether; NHS, N-Hydroxysuccinimide; NMP, Nitroxide-Mediated Polymerization; PBS, 0.1 M
phosphate-buffered saline; PDI, polydispersity index; PEG_4000, Polyethylene glycol Mn = 4000 g/mol; PEG-MA, Poly (ethylene glycol) methyl ether methacrylate; RAFT,
Reversible Addition Fragmentation Chain Transfer; TGA, thermogravimetric analysis; TSB, tryptic soy broth.
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1 | Introduction

Terpenes are a class of naturally occurring hydrocarbons [1, 2],
predominantly produced by plants, and they consist of repeating
isoprene units with the chemical formula of CsHg [3-6]. These
natural compounds, due to their abundance, low toxicity, and
structural diversity, are increasingly gaining attention as renew-
able, bio-based feedstocks for pharmaceutical applications and
for the synthesis of polymers and other value-added materials,
thereby reducing reliance on fossil resources [7-9].

In biomedicine, terpene-based compounds are extensively used
for anti-inflammatory [10], anxiolytic [11], cardioprotective [12],
anticancer [13], antidiabetic [14], and neuroprotective treat-
ments [15]. Moreover, they are also exploited as alternatives to
current antibiotics, demonstrating effective bactericidal activity
against E. coli (Gram-negative), with some also active against
Staphylococcus aureus (Gram-positive) [16, 17]. Although solid
evidence of the terpenes’ potential has been validated [18,
19], the usage of these compounds as active pharmaceutical
ingredients (APIs) or excipients has not yet been affirmed. -
Myrcene is a monoterpene (C,,H,¢) present in plants, including
basil, cardamom, parsley, and cannabis [20]. Due to its bio-
compatibility, it has been approved by the U.S. Food and Drug
Administration (FDA) for use as a food additive [21]. Myrcene
exhibits an open-chain structure with three carbon-carbon dou-
ble bonds, two of which are conjugated. Despite its relatively
simple molecular structure, polymerization leaves two unsatu-
rated positions in the repeating units intact, providing suitable
sites for interactions or bond formation with other moieties,
such as thiol groups, present in biological tissues and mucosal
interfaces [22-24].

Unsaturated polymers, bearing reactive double bonds, have been
shown to react with the cysteine-rich subdomains of the mucus
layer, forming thioether bonds and promoting mucoadhesion
[25-27]. To date, maleimide-functionalized polymers have
been extensively investigated to enhance the mucoadhesion of
various excipients. Tonglairoum et al. incorporated maleimide
groups into poly(N-vinylpyrrolidone) (PVP)-based nanogels
and demonstrated the thiol-maleimide coupling through the
enhanced mucoadhesive properties [28]. Polysaccharides are
also widely modified with maleimide or (meth)acrylate moieties
in order to provide mucoadhesive properties to the parental
polymers [29].

The covalent bond formation between the excipient and the
mucosal cysteines is advantageous as it prolongs mucosal resi-
dence time, thereby enhancing local effects and improving the
absorption and adsorption of the carried active pharmaceutical
ingredients (APIs).

Although the polymerization of S-myrcene has been known
for decades, it remains challenging due to the multiple dou-
ble bonds, which lead to non-uniform microstructures or
even crosslinked products. Among all the possible polymeriza-
tions, reversible deactivation radical polymerization, specifically
reversible addition-fragmentation chain transfer polymerization
(RAFT), is the most cost-effective method, producing a linear
polymer with tunable composition and controlled microstructure
[30-32].

In contrast to other reversible-deactivation radical polymeriza-
tion techniques, RAFT polymerization provides broad monomer
compatibility, operates under metal-free conditions, and offers
straightforward scalability [33, 34]. Furthermore, RAFT polymer-
ization exhibits exceptional solvent versatility, being compatible
with aqueous media as well as bulk conditions, thereby enhanc-
ing its sustainability and positioning it as a green approach for the
synthesis of tailor-made polymers with high structural precision
[33].

In this study, we aimed to synthesize a series of myrcene-based
amphiphilic co-polymers via RAFT polymerization, in order to
enhance the water solubility of the resulting macromolecules
while preserving a narrow dispersity and a highly ordered poly-
meric structure [35]. Three different architectures were designed:
an ABA triblock poly(myrcene-b-PEG-MA-b-myrcene), a BAB
triblock poly(PEG-MA-b-myrcene-b-PEG-MA), and a statistical
copolymer poly(myrcene-co-PEG-MA). The structure and chain
length of these co-polymers were carefully characterized, and
their potential as mucoadhesive excipients was explored. Specif-
ically, a comparative analysis was performed to assess mucoper-
meation and mucoadhesion on porcine intestinal mucus, along
with the antioxidant and antimicrobial activities of the polymer
assemblies.

2 | Results and Discussion

2.1 | Synthesis and Characterization of
Co-Polymers

RAFT polymerization enables the synthesis of co-polymers with
predetermined molecular weights and low dispersity. Therefore,
it was utilized for the synthesis of two block co-polymers (ABA
and BAB) via a two-step process and a statistical co-polymer
(Statcop) through a one-step reaction, all performed in bulk with
AIBN as a radical initiator (Figure 1). Myrcene and poly(ethylene
glycol) methyl ether methacrylate were used as vinylic monomers
and co-polymerized at a 5:1 molar ratio in order to improve the
poor water solubility of the terpene. S, S’ -bis («, a’ -dimethyl-
a”’-acetic acid) trithiocarbonate (BDATC) was applied as a chain
transfer agent, because its symmetry enables a mirrored insertion
of the monomer on both sides of the trithiocarbonate structure.

For the ABA and BAB block co-polymers, the A and B blocks were
synthesized separately, and their structures were verified by 'H
NMR and GPC (Table 1; Figures S1-S9). Poly(myrcene) synthesis
(block A) was confirmed by the disappearance of the monomeric
vinylic multiplets at ~5 and ~6.35 ppm and the appearance of
a triplet at 5.14 ppm corresponding to the polymeric alkenyl
protons (Figure S1). Due to the three double bonds in myrcene,
several addition mechanisms are possible (1,4-cis/trans, 3,4, and
1,2 addition) [21, 36].

With RAFT polymerization, the aim was to obtain a highly
ordered poly(myrcene) microstructure; however, complete 1,4-
addition was not expected. This is evident from the 'H NMR
spectra, where the peaks at 5.35 ppm, 4.75 ppm, and 1.23 ppm
correspond to the 1,2 and 3,4 additions. Based on previous studies,
it is possible to evaluate the ratio of different microstructures
using Equation (1) [30, 37]. From the 'H NMR spectra, the
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poly(myrcene)-b-poly(PEG-MA)-b-poly(myrcene) poly(PEG-MA)-b-poly(myrcene)-b-poly(PEG-MA)

ABA block co-polymer BAB block co-polymer
A B
=
AIBN 0
90 °C 0
X PEG

poly(myrcene)-co-poly(PEG-MA)
AB statistical co-polymer

FIGURE 1 | Schematic representation of the synthesized co-polymers: AA poly(myrcene), BB poly(PEG-MA) ABA block co-polymer, BAB block
co-polymer, and AB statistical co-polymer.

Advanced Functional Materials, 2026 30f21



TABLE 1 |

Molecular properties of the polymers. Summary of the results obtained from NMR spectroscopy (M, 1,4 -addition content and double

bond amount) (Figures S1-S5) and from GPC analysis (M,,, My, M, and D) (Figures S6-S9).

M, ? [kDa] X14°[%] pb DB content?[mmol C = C/g]
Poly (myrcene) 3.7 70.0 1.17 13.6
Poly(PEG-MA) 31 / 117 /
ABA 9.2 86.9 111 4.1
BAB 46.4 84.6 113 13.7
Statcop 8.5 70.4 117 7.3

aDetermined by 'H-NMR spectroscopy.
bDetermined by GPC, calibration with PS standards.

integrals of three regions can be calculated: region A (six methyl
protons), region B (8 methylene protons), and region C (2 methine
protons).

7A — 3B — 9C
X% = (1 - T) x 100 )

For block A, 70.02% of 1,4-addition was achieved (Table 1).

The molar mass of poly(myrcene) was determined by comparing
the BDATC end-group methyl peaks at 0.88 ppm with the methine
protons of the myrcene units at 4.5-5.5 ppm, resulting in a molar
mass of 3.7 kDa (Table 1; Figure S1). GPC analysis provided a
consistent value and a dispersity of 1.17, indicating controlled
chain growth (Table 1; Figure S6).

For poly(PEG-MA), '"H NMR spectroscopy confirmed polymer-
ization through the loss of monomeric vinylic signals at 5.57 and
6.12 ppm and the appearance of the aliphatic peak at 1.04 ppm
(Figure S2). The polymer’s molar mass, determined from the
BDATC methyl peak at 0.88 ppm and the terminal PEG methyl
peak at 3.40 ppm, was 3.1 kDa (Figure S2, Table 1). GPC results
again showed a comparable mass with dispersity below 1.2
(FigureS7; Table 1).

A key advantage of RAFT polymerization is its ability to
extend chains while maintaining a dispersity below 1.5. This
living/controlled character enables the synthesis of block
co-polymers from pre-formed macro-CTAs, in this case,
poly(myrcene) (block A) or poly(PEG-MA) (block B). The ABA
co-polymer was obtained using block A as the macro-CTA
and PEG-MA as the monomer for the second block. The 'H
NMR spectrum (Figure S3) confirmed successful chain extension
through the appearance of PEG signals at 4.09, 3.66, and 3.38 ppm,
the backbone peaks of block B between 1.00 ppm and 1.50 ppm,
and the disappearance of vinyl signals at 5.50-6.25 ppm. Chain
growth was further validated by the increase in molecular weight
from 3.7 to 9.2 kDa (Table 1).

The BAB block co-polymer was synthesized using block B as the
macro-CTA and myrcene as the monomer for the second block.
The '"H NMR spectrum (Figure S4) confirmed chain extension via
the characteristic myrcene peaks at 1.50 ppm, 1.67 ppm, 2.03 ppm,
and 5.12 ppm. Using a macro-CTA instead of BDATC improved
regioselectivity, resulting in a poly(myrcene) block with 84.61%
1,4-addition (Table 1).

Chain growth was further confirmed by the increase in molecular
weight from 3.1 kDa to 46.4 kDa (Figure S4; Table 1).

However, the GPC showed a lower mass increase (to 18.3 kDa),
most likely due to the differing measurement principles of
the two techniques and due to the fact that GPC relies on
calibration against polystyrene standards, whose hydrodynamic
volume differs from the polymers synthesized here, leading to an
apparent molecular-weight bias. Thus, molecular weight values
must be interpreted within the context of the specific analytical
method used.

Additionally, a statistical co-polymer was prepared via a one-
step process by introducing both monomers simultaneously at
the start of the reaction. The synthesis was confirmed via ‘H
NMR (Figure S5) by the disappearance and appearance of specific
peaks, as explained for blocks A and B. The M,, was determined
to be within the same range as that of the ABA block co-
polymer (8.5kDa), with comparable results from the GPC analysis
(9.2 kDa) (Figure S9). The microstructure analysis revealed a
70.40% content of 1,4-addition.

The amount of DB in each co-polymer was determined using
'H NMR spectroscopy, based on the molecular weight (M,,) and
the myrcene content. The BAB block co-polymer exhibited the
highest number of unsaturated units, corresponding to the great-
est concentration of double bonds (13.70 mmol/g). In contrast,
lower values were observed for the ABA block co-polymer and
the AB statistical co-polymer (4.14 mmol/g and 7.30 mmol/g,
respectively). The difference between the two block co-polymers
can be attributed to the relatively larger poly(myrcene) blocks in
BAB, while in the case of the statistical co-polymer, the reactivity
ratios can influence the composition [38].

Several examples in the literature have demonstrated thioether
formation through the reaction of carbon-carbon double bonds
and thiol moieties [39, 40]. Therefore, we evaluated the reactivity
of the available double bonds in the synthesized co-polymers
by incubating them with L-cysteine at 37°C and monitoring the
decrease in the intensity of the vinyl proton signals and the
increase in methine from thioether via '"H NMR spectroscopy
(Figure 2A-D).

The measurement setup is depicted in Figure 2A-top. Figure 2B
displays the overlap of the 'H NMR spectra recorded at dif-
ferent incubation times for the statistical co-polymer/L-cysteine
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mixture, revealing a progressive decrease in the intensity and,
consequently, the integral of the vinylic protons peak (~5.1 ppm)
of the myrcene unit (Figure 2B,D - in purple). Meanwhile, a
peak at ~2.5 ppm appears due to the aliphatic proton of the
formed thioether bond and becomes prominent only after 24 h
(Figure 2B,D - in orange). The methyl groups of the myrcene
moiety show a characteristic peak at ~1.65 ppm, which decreases
in intensity as the reaction progresses due to the formation of the
thioether (Figure 2B,D - in pink). Moreover, a peak at ~0.9 ppm,
overlapping with the peak deriving from the BDATC, increased
over time, caused by up-shielded methyl protons resulting from
the reaction at the neighboring unsaturation (Figure 2B).

A similar outcome is observed for the two block co-polymers
(Figures S13 and S14). The concentration of the remaining double
bonds was quantified based on integral ratios (Equation 2).

Relativ (C =C)concentration < mrgol >

_ (C=C)integral ,_, x (C=C)conc

(C=C)integral ,_, @

With (C=C) integral ,_, representing the integral of the vinylic
proton at 5.1 ppm at different time points, and (C=C) integral , _,
at time 0.

The reactivity measurements of the poly(myrcene) block toward
L-cysteine revealed slow thioether formation, reaching a plateau
at approximately 50% conversion of the available double bonds.
This behavior aligns with the low thiol-ene reactivity typical of
internal electron-rich double bonds, such as those generated by
1,4- and 3,4-additions [24, 41].

Although these alkene moieties are generally considered to
be weakly reactive, the less substituted but more reactive 1,2-
addition units, which are present in smaller quantities, react
preferentially, leading to rapid consumption of double bonds
within the first 1-3 h. As a result, the statistical co-polymer,
containing the highest fraction of 1,2-addition units (<30 mol%),
shows the most significant reduction in overall double-bond
content. In contrast, the two block co-polymers, characterized
by lower 1,2-microstructure contents, exhibit slower reaction
rates and less extensive conversion [24, 41, 42]. The remaining
predominant 1,4-addition units react very slowly, as indicated by
the kinetic data, reaching a plateau after 8-10 h. This slow reac-
tion aligns with the hypothesis that these olefins are not highly
reactive, but thioether formation is not completely hindered
under the applied conditions [39, 42]. After 48 h, approximately
50% of the double bonds remained unreacted, most likely due
to the inherently low reactivity of the residual 1,4- and 3,4-
units, as well as the presence of covalently bound polar cysteine
functionalities that reduce the accessibility of the remaining
unsaturated positions. The resulting increase in local polarity,
hydration, and steric hindrance further limits the availability of
backbone double bonds for reaction (Figure 2C) [43].

The amount of free L-cysteine could not be determined directly in
the reaction mixture because of the peaks of the reagent overlap-
ping with the peaks of the polymer in the NMR spectra. Therefore,
dialysis with a cut-off of 500-1000 Da was performed to isolate

the cysteine from the polymer (Figure 2A-bottom). An acceptor
chamber filled with 500 mL of aqueous buffer was chosen in order
to ensure the solubility of both cysteine and its oxidized form,
cystine. The results differ slightly from those obtained during
the double bond quantification, likely due to some interactions
between the substrates and the dialysis membrane. However,
for all three co-polymers, up to 40% of L-cysteine remained free
after 96 h of incubation with the myrcene-based co-polymers,
confirming their interaction. Already after 48 h of incubation, no
change in free L-cysteine levels was observed for the BAB block
co-polymer, and just a slight increase was observed for the other
two co-polymers, indicating that all the accessible double bonds
had reacted (Figure 2E).

Comparable results were obtained by incubating the synthesized
co-polymers with purified porcine mucus due to its content of
cysteine-rich mucins. The use of a biologically relevant medium
to confirm the thiol-ene reaction allows the transition from a
mechanistic understanding to the assessment of the system under
physiological conditions. All polymer systems reduced the initial
free thiol content of mucus (6.42 + 0.2 uM/g), consistent with
thiol consumption via thiol-ene addition. Mixtures of mucus
together with Statcop (2.39 + 0.9 uM/g) and ABA (3.05 + 0.4 uM/g)
exhibited the most pronounced decrease, indicating a higher
extent of covalent coupling with mucin thiols, whereas BAB (5.07
+ 1.3 uM/g) showed a moderate effect, suggesting reduced thiol-
ene reactivity, potentially due to differences in alkene accessibility
or polymer architecture (Figure 2F).

In the in vivo configuration, the number of cysteine-moieties
would be in large excess compared to the polymer; therefore, the
thiol-ene reaction could present higher rates, obtaining the same
conversion.

Their amphiphilic nature enables the polymers to spontaneously
self-assemble into spherical nanostructures. Previous studies
have demonstrated the use of block co-polymers for nanopar-
ticle formation, as they self-assemble in aqueous media with
the hydrophobic regions oriented inward and the hydrophilic
segments facing outward [44, 45].

The morphology of orally delivered drug carriers strongly influ-
ences their interaction with the intestinal mucosa. Smaller
nanoparticles typically show greater mucoadhesion due to their
larger surface area and ability to penetrate deeper into the mucus,
while larger particles tend to remain trapped in the outer, looser
mucus layer [46]. Therefore, finding the right balance between
nanoparticle size and interaction with mucus is crucial to avoid
rapid clearance of small NPs (<30 nm) [47].

The sizes of the particles formed by the polymers in the different
media were determined by dynamic light scattering (DLS),
revealing a hydrodynamic diameter of 37.9 + 14 nm for the AB
statistical co-polymer, and larger sizes for the ABA and BAB block
co-polymers, 430.7 + 11 nm and 246.9 + 3.7 nm, respectively
(Figure S11).

Transmission electron microscopy (TEM) images show spherical
filled particles for all three self-assemblies and confirm the
size of the statistical co-polymer assemblies (~38 nm), while
they reveal smaller particle sizes than DLS for the two block
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co-polymers, which exhibited sizes of 60.8 + 12 nm and 37.7 +
6 nm (Figure 3). However, some aggregates within the DLS size
range were present (Figure S12). This behavior can be attributed
to the higher tendency of the ABA and BAB block co-polymers to
form aggregates, likely due to their higher molar masses, resulting
from increased hydrophobicity caused by their higher myrcene
content. Considering the zeta potential of the nano-assembled
systems, the statistical co-polymer shows more negative values,
between —6 mV and —13 mV, indicating stronger charge-charge
repulsion compared to the other structures, which also results in
fewer aggregates (Figure S11). Figure 3 illustrates the proposed
hypothetical structures of these nano-assemblies based on the
morphological analyses and on the amphiphilic properties.

2.2 | InVitro and In Vivo Toxicity Studies

Cytotoxicity tests showed that all co-polymers maintained >80%
cell viability after 4 h in both Caco-2 and HeLa cells, indicating
high metabolic activity. After 24 h, the AB statistical co-polymer
resulted less bio-compatible and the ABA block co-polymer

BAB block co-polymer

AB statistical co-polymer

N o e S S R A S S S S S S S S S S S e e

Proposed morphology of the self-assembled particles in aqueous media and TEM images of the self-assemblies (scale bar set at 250 nm).

showed moderate acceptance, while all other samples remained
non-toxic. The results and further explanations are shown in
Figure S16.

Galleria mellonella (G. mellonella) larvae are used in research as
an in vivo screening model to evaluate the relative toxicity of
various commonly used food preservatives and to compare these
toxicity profiles with those obtained from a cultured human cell
line [48, 49]. Moreover, they are also used as infection models
to study antimicrobial activity [50]. They serve as ideal models
for assessing toxicity in living organisms, giving the possibility
to provide preliminary data for in vivo evaluation in mammalian
models, thus reducing costs and time [51].

Loh et al. recently introduced a health index scoring system in
order to assess the health status of larvae by evaluating mobility,
cocoon formation, melanisation, and survival. Typically, healthy
wax worms score 9, while dead ones generally score 0 [52].

The three synthesized co-polymers, ABA, BAB, and Statcop, were
tested alongside PEG_4000 as a control and sterile HBS pH 7.4
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Health index score for the visual evaluation of the toxicity of myrcene-based co-polymers on G. melonella (A). Values are presented as

mean + standard deviation (n = 10). Non-significant differences between each measured sample are indicated as ns and significant differences as *** p
< 0.001 (p > 0.05). Image of healthy G. melonella with injection point visualization (B). Residence evaluation via IVIS imaging at 0 h,5h, 8 h,16 h, 24 h,
42 h, and 48 h, starting from the left larvae, HBS, PEG_4000, ABA, BAB, and Statcop, with count being the intensity of light emitted by the sample (C).

to evaluate injection trauma. Sodium nitrite NaNO,, in the same
concentrations as the polymers, was used as a positive control
to confirm the validity of the method. Visual evaluations were
conducted at the following time points: 0, 5, 8, 16, 24, 42, and 48 h.

Unfortunately, there is limited published research on the effects
of PEG and other polymers on Galleria mellonella larvae. Pham
Le Khanh et al. investigated the toxic effects of PEGs with
different molecular weights on both Caco-2 cells and G. mel-
lonella, demonstrating a correlation between the two models.
Their results showed that PEG with a molecular weight of 4000
exhibited the highest viability compared to lower or higher
molecular weights, supporting the findings in Figure 4A [53].

Regarding the synthesized polymers, none showed significant
toxicity to G. mellonella compared to the positive control HBS,
confirming the results of the in vitro toxicity assay (Figure S16).
Moreover, a significant difference in relation to the NaNO?2 is
present.

Penetration of foreign objects into the hemocoel of most inver-
tebrates and the resulting tissue injury trigger both cellular and
humoral immune responses in the host organism as part of its
defense mechanisms [54]. This immune activation leads to the
generation of reactive oxygen species (ROS), which contribute to

the destruction of the invading entities; however, excessive ROS
production can also exert cytotoxic effects in the host tissues.
To mitigate oxidative stress, the host activates its antioxidant
defense system, which includes enzymatic components such
as peroxidases (POXs) and glutathione S-transferase (GST), as
well as non-enzymatic antioxidants like ascorbic acid and thiol
compounds [55, 56].

The GST catalyzes the conjugation of glutathione (GSH) to
electrophilic centers such as double bonds [57], and, together with
the free thiols in the hemolymph, it can form thioether structures.
This effect likely increases the residence time of unsaturated
polymers, such as the used poly(myrcene) based structures, in the
larvae.

In order to evaluate the clearance of the synthesized systems,
the interaction between fluorescently labeled polymers and the
hemolymph of G. mellonella was evaluated using the IVIS
imaging system. After 8 h, the PEG_4000 was almost completely
cleared by the larvae, showing barely any fluorescent signal,
except the fluorescence background, while the ABA, BAB, and
Statcop polymers remained abundant, confirming the interaction
between the alkene-bearing polymers and the circulatory fluids
of G. mellonella. Even after 24 h and 42 h, traces of co-polymers
remain, whereas after 48 h their clearance is almost complete.
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These promising results demonstrate the prolonged residence
time of myrcene-based co-polymer in living organisms compared
to PEG.

2.3 | Rheological Studies

Double-bond bearing excipients react with cysteine-rich subdo-
mains of mucin through thiol-ene click addition, leading to the
formation of stable thioether linkages that may contribute to the
mucoadhesive properties of, for example, an amphiphilic poly-
mer, increase mucus viscosity, and prolong mucosal residence
time (Figure 5A) [39].

The increase in mucus viscosity, as well as in the storage (G”) and
loss (G”) moduli, after addition of single blocks and co-polymers,
was confirmed using a cone-plate rheometer (Figures 5B and 4C).
Mucus mixed with PBS buffer was used as baseline, and
poly(ethylene glycol) with an M, of 4000 g/mol (PEG_4000)
served as a control since its molecular weight is comparable to
that of the individual poly(PEG-MA) and poly(myrcene) blocks.

The addition of poly(PEG-MA) already results in a 3.3-fold
increase in mucus viscosity compared to PEG_4000, likely due
to the physical interpenetration of the short, pendant PEG chains
into the mucin glycoprotein network, forming a gel-like structure
[58]. The amphiphilic character of the poly(PEG-MA), due to
the methacrylic hydrophobic backbone and the hydrophilic PEG
side-chains, could additionally create hydrophobic interactions
forming non-covalent crosslinks. The poly(myrcene) exhibits a
4.1-fold higher viscosity than the control, which can be attributed
to the formation of thioether crosslinks between the unsaturated
segments and the thiol groups of the mucin-rich glycoproteins
in mucus. Similar results are observed for the BAB block co-
polymer due to the comparable double bond density and the slight
influence of the PEG-MA brush structure.

In the case of the ABA block co-polymer and the AB statis-
tical co-polymer, the viscosity increased by 5.8- and 6.6-fold,
respectively, compared to the control. For these polymers, the
potential chemical interactions with the mucus layer are reduced
compared to the BAB block co-polymer, due to their lower
double bond content. However, their smaller nanoparticle sizes
(379 + 1.4 nm for AB and 246.9 + 3.7 nm for ABA) offer a
larger effective surface area and may facilitate deeper mucus
penetration; consequently, higher number of interactions with
the mucus and more pronounced interpenetration of the dangling
PEG chains, as indicated by the viscosity measurements. More-
over, the statistical co-polymer showed the lowest zeta potential
among all synthesized polymers (—6.5 + 1 mV), indicating weaker
electrostatic interactions with the negatively charged mucus and
a predominance of repulsive forces [59]. As a result, this co-
polymer is expected to exhibit enhanced penetration into the
mucus and presumably form thioether bonds within the firm
mucus, which in turn contributes to the higher viscosity of the
mixture.

A similar trend was observed in the storage (G’) and loss (G")
moduli, with the viscosities of the mucus-co-polymer mixtures
being higher than those of mucus in the presence of PBS or
PEG_400, indicating predominantly elastic behavior and the

formation of a viscoelastic network between the polymer and the
mucus (Figure 5C).

2.4 | Mucoadhesive Properties

Mucoadhesiveness is the ability of a formulation, such as a
polymer, to adhere to the mucosa through chemical or physical
interactions, thereby prolonging its residence time on mucus-
covered surfaces [60]. Among the various possible interactions,
such as polymer interpenetration or hydrophobic and ionic
interactions, covalent thioether bonds can be formed, increas-
ing the mucoadhesion of unsaturated polymers through reac-
tions with the thiol groups of cysteine-rich glycoproteins of
mucus.

Examples are already represented in the literature, such as the
work of Pornpitchanarong et al., where a novel mucoadhesive
polymer based on N-(2-aminoethyl) maleimide-functionalized
carboxymethyl cellulose was developed. The authors demon-
strate that after 1 h of washing off the polymer from a pig
cheek slice with artificial saliva, 40% retention was achieved,
compared to 10% for the non-modified polymer [40]. Moreover,
maleimide functionalized poly(N-vinylpyrrolidone) (PVP) and
poly (N-(2-hydroxylpropyl)methacrylamide) also demonstrated
moderate mucoadhesion characteristics on conjunctival tissue
and sheep nasal mucosa, showing retention up to 42.2% and 33%,
respectively [26, 61].

Compared to thiolated polymers, unsaturated ones exhibit only
modest enhancements in mucoadhesive properties but generally
provide superior resistance to oxidative environments and do not
readily undergo inter- or intramolecular cross-linking [26, 27].

The mucoadhesive properties were evaluated using fluorescently
labeled co-polymers and compared to PEG_4000. All the samples
were prepared in a concentration of 0.2% in order to achieve a
comparable solubility for all the tested systems (Figure S15).

As shown in Figure 6A, 70% of the control PEG_4000 was rinsed
off with PBS buffer at pH 6.8 after 15 min, demonstrating weak
adhesion to the mucosal layer. After 180 min of washing, only 5%
of the control remained on the tissue. In contrast, the synthesized
co-polymers showed a significant difference in retention. After
15 min of rinsing, more than 70% of all the myrcene-based co-
polymers remained on the porcine intestine, with the highest
retention of 82% for the statistical co-polymer. Subsequently, the
ABA, BAB, and statistical co-polymers were washed off slightly
more, but between 40 and 50% remained on the mucosal layers
after 180 min.

In addition, fluorescent images were captured immediately after
applying the samples to the intestine and again after 3 h of
washing, using an F-500 filter at 480 nm in order to visualize
the fluorescent labeling (Figure 6B). These images show the
prolonged residence time of all the synthesized polymers com-
pared to the control and highlight the improved mucoadhesive
properties of the statistical co-polymer.

Consistent results were also observed in the mucus permeation
study, where approximately 80% of the ABA, BAB, and statistical
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FIGURE 5 |

Representation of a digestive apparatus section and main interactions between mucus and polymers. (A) Dynamic viscosity (Pa*s). (B)

and elastic modulus G’ (BX) and viscous modulus G” () (C) of PBS, PEG_4000, poly (PEG-MA), poly (myrcene), ABA block co-polymer, BAB block
co-polymer, and Statcop mixtures with purified mucus from the viscoelastic region. Data are presented as mean + standard deviation (n = 3). Significant
differences compared to the controls are indicated as *** p < 0.001 (p > 0.05). This figure was drawn using images provided by Servier Medical Art
licensed under Creative Commons Attribution 4.0 (CC BY) (https://creativecommons.org/licenses/by/4.0/).

co-polymers strongly interacted with mucus after 24 h, thereby
limiting their permeation compared to PEG_4000 (Figure S17).

Summarizing these in vitro findings with the mucus/mucosal
layer, the poly(myrcene) and poly(PEG-MA) copolymers interact
with this barrier via various routes, including interpenetration
of the dangling PEG chains, hydrophobic interactions, and also
importantly, irreversible covalent thioether bond formation.

2.5 | Antioxidant Activity

The radical scavenging capacity is an important property
of excipients in drug delivery systems. This feature is
crucial for protecting active pharmaceutical ingredients
(APIs) both during storage and throughout their transport
from the administration site to the site of action
[62].
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Double bonds can exhibit antioxidant activity; therefore, unsat-
urated polymers, such as poly(myrcene), are considered mild
antioxidants because they react directly with free radicals or
stabilize them via electron delocalization [63].

Indirect cell-free methods, such as the DPPH assay, are widely
used to evaluate the antioxidant capacity of a compound by
assessing its ability to scavenge free radicals via radical stabi-
lization. DPPH contains a chromophore that imparts a deep
purple color with an absorption peak at 517 nm. The degree of
discoloration reflects antioxidant activity. The antioxidant activ-
ity determined by the DPPH scavenging method is commonly
expressed as the ECs, value, which represents the concentration
of antioxidant required to reduce the initial DPPH concentration
by 50% [64].

Ascorbic acid served as a positive control due to its well-
established and potent radical scavenging activity [65], while the
absorbance of DPPH was also evaluated as a negative control.

All synthesized co-polymers demonstrated significant antioxi-
dant potential, achieving stabilization of about 50% of DPPH
radicals with an ECy, of 0.05% (m/V) (Figure 7A,B). Different
behaviors were expected among the co-polymers due to their
various double-bond content; however, no significant differences
were observed. This outcome may be the result of dynamic self-
assembly of the co-polymer structures, which could limit access
to the hydrophobic core containing the myrcene-based block.

For biological relevance, intracellular reactive oxygen species
(ROS) levels were quantified using the 2’,7'-dichlorofluorescin
diacetate (DCFDA) assay after treatment with the synthesized
co-polymers. Fluorescence intensity is proportional to ROS
production, with lower signals indicating enhanced radical scav-
enging activity [66]. As expected, incubation of Caco-2 cells
with H,0, led to a pronounced increase in intracellular ROS
levels, confirming effective induction of oxidative stress. In
contrast, treatment with all investigated samples (ABA, BAB,

and Statcop) significantly reduced ROS levels compared to
PEG_4000, demonstrating substantial intracellular antioxidant
activity. Among the tested materials, Statcop exhibited the most
pronounced ROS reduction, followed by BAB and ABA. Notably,
no statistically significant difference was observed between Stat-
cop and the positive control, ascorbic acid, which showed the
lowest fluorescence intensity overall (Figure 7C). Between the
synthesized co-polymers, Statcop also outperformed all the other
tested polymers in HeLa cell line by suppressing ROS production
(Figure 7D). BAB remained comparatively close to the positive
control H,0, while ABA showed only a moderate decrease.
Overall, HeLa cells appeared more responsive to the treatment
than Caco-2 cells. This difference compared to the Caco-2 cell line
is likely due to the distinct redox biology, arising from differences
in mitochondrial DNA copy number (mtDNAcn) [67], as well as
differing uptake of the samples with various particle sizes and the
variations in metabolic pathways between the two cell lines [68].

Although ascorbic acid is commonly considered an antioxidant,
it showed a high fluorescence intensity response in HeLa cells.
Azqueta et al. investigated the uptake of ascorbic acid in HeLa
cell lines, confirming its internalization. However, no antioxidant
activity was observed, thereby supporting the results obtained in
Figure 7D [68]. Due to the different transport of ascorbic acid into
Caco-2 cells, its antioxidant activity results were maintained and
therefore can be better considered as a control for this study [69].

These findings indicate that the developed copolymers efficiently
mitigate oxidative stress in intestinal epithelial and human
cervical cells, highlighting their potential as bioactive antioxidant
materials for cellular protection.

2.6 | Antimicrobial Properties

Research shows that terpenes can act as antimicrobial agents,
targeting both drug-sensitive and drug-resistant bacteria by dis-
rupting cell membranes and interfering with proteins and DNA
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FIGURE 7 | Absorbance at 517 nm (A) and absorbance scan (B) of the radical scavenging activity measurements via DPPH assay of ABA block co-
polymer (brown), BAB block co-polymer (blue), Statcop (yellow), compared to ascorbic acid (pink) and negative control (purple). The polymer samples
were prepared as 0.10% (m/v) solution. Values are presented as mean + standard deviation (n = 5). Intracellular ROS levels measured by DCFDA assay
after 4 h of incubation of ABA block co-polymer (brown), BAB block co-polymer (blue), Statcop (yellow), ascorbic acid (pink) and PEG_4000 (green)
with Caco-2 cells (C) and in HeLa cells (D). Values are presented as mean + standard deviation (n = 9). Differences between each measured sample are
indicated as ns (non-significance) and for all the others as *p < 0.05 and ***p < 0.001).

synthesis [70]. For instance, monoterpenoids possess antibac-
terial properties, hindering microbial growth and reproduction
while also disrupting their normal physiological and metabolic
processes [71]. Trombetta et al. reported the antimicrobial efficacy
of three monoterpenes, such as linalyl acetate, (+) menthol,
and thymol, against the Gram-positive bacterium Staphylococcus
aureus and the Gram-negative bacterium E. coli. Their findings
suggest that these substances perturb the lipid fraction of the
microorganism’s plasma membrane due to their high lipophilic-
ity, resulting in alterations in membrane permeability and leakage
of intracellular materials [72].

The synthesized myrcene-based co-polymers in this work are
expected to exhibit antimicrobial activity by inhibiting microbial
growth. Colistin, a widely used antibiotic for Gram-negative

bacteria, was selected as the positive control, and PEG_4000
serves as the negative control.

All co-polymers showed robust inhibition of E. coli proliferation
compared to the solid bacterial growth observed in the nega-
tive control (Figure 8). The statistical co-polymer demonstrated
higher antimicrobial activity, most likely due to its smaller size,
which increases the effective surface area of its self-assembled
nanostructure.

Antimicrobial performance was evaluated using a dose-response
approach for the statistical copolymer, which showed the most
pronounced antibacterial effect in colony count assays compared
with the other tested formulations. This analysis indicated an
approximately 70% reduction in the bacterial colony counts at a
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copolymer concentration of 4% (m/v) (Figure S18). The results
show an ICs, of 0.21% (m/v) (ICsy: Half-maximal inhibitory
concentration) based on resazurin metabolic readout.

3 | Conclusion

This study focused on the development of bio-based myrcene
co-polymers as useful excipients for oral drug delivery, char-
acterized by uniform microstructures, low dispersities, and
well-defined particle sizes. RAFT polymerization of myrcene
resulted in a 1,4-addition content exceeding 70% across all
systems, while maintaining narrow molecular weight distribu-
tions (P < 1.2). The synthesized co-polymers exhibited mod-
erate mucoadhesion due to hydrophobic interactions, inter-
penetration, and covalent bond formation, with up to 50%
retention on the mucosa after 3 h of washing, and minimal
permeation (~20%), indicating an optimal balance between
mucoadhesion and mucodiffusion, and supporting their poten-
tial for prolonged gastrointestinal residence. Furthermore, the
co-polymers demonstrated significant antioxidant and antimi-
crobial activities, along with low toxicity toward HeLa and
Caco-2 cell lines and in vivo in G. mellonella larvae. The res-
idence time of the synthesized co-polymers was evaluated in
a living organism, G. mellonella larvae, revealing persistence
after 48 h, compared to the short residence time of 8 h for
PEG_4000.

Among the three different systems, synthesized and studied
in this work, the AB statistical co-polymer shows the best
results, demonstrating the potential of myrcene-derived co-
polymers as versatile, sustainable excipients for oral delivery.
The randomized placement of the monomeric units, compared
to the block structures, obtained through a simpler synthe-
sis, demonstrated stronger interactions with the mucus layer
and notable antioxidant/antimicrobial activity, making this co-
polymer the most promising candidate for further studies as an
active pharmaceutical excipient.

4 | Materials and Experimental Methods

4.1 | Materials

Poly (ethylene glycol) methyl ether methacrylate (PEG-
MA, M, ~500 Da), Poly (ethylene glycol) (M, =~4000 Da),
fluorescein-isothiocyanate (FITC, >90%), dibutyltin dilaurate
(DBTDL), minimum essential Eagle medium (MEM),
Triton X-100, chloroform-d (CDCl;, 99.8%), dimethyl
sulfoxide (DMSO-d6, 99.9%) fluoresceinamine (isomer
1), N, N'-cicyclohexylcarbodiimide (DCC), 2,2’-czobis(2-
methylpropionitrile) (AIBN), p-myrcene (technical grade),
sodium chloride (NaCl), methyl tert-butyl ether (MTBE)
sodium nitrite (NaNO,), DTNB (Ellman’s Reagent) (5,5-
dithio-bis-(2-nitrobenzoic acid) and aluminum oxide (Al,O;)
were ordered from Sigma-Aldrich, Austria. Resazurin (7-
hydroxy-3H-phenoxazin-3-one 10-oxide) sodium salt (dye
content >75%), and Opti-MEM were purchased from Fisher
Scientific, Austria. N-hydroxycuccinimide (NHS), 2,2-diphenyl-
1-picrylhydrazyl (DPPH), 2’,7’-Dichlorodihydrofluorescein
diacetate (DCFDA), and S, S’ -bis (@, o’ -dimethyl-a”-acetic
acid) trithiocarbonate (BDATC) were procured from TCI
chemicals. FBS Supreme (South American origin, fetal bovine
serum), penicillin-streptomycin, Dulbecco’s Modified Eagle
Medium (DMEM) and trypsin/EDTA were purchased from
Pan Biotech. Tris buffer (>99.9%), agar-agar, tryptic soy broth
(TSB), Spectra/Por dialysis membrane (MWCO 1 kDa and
MWCO 3.5 kDa), N, N-dimethylformamide (DMF), hydrogen
peroxide (30% m/v), McFarland PMS 0.5 and 4-(2-hydroxyethyl)-
1-azineethanesulfonic acid (HEPES) were provided by Carl Roth,
Germany. Colistin was purchased from Sanova.

4.2 | Synthesis of ABA Block Co-Polymer

A two-step RAFT polymerization, mentioned by Bauer et al.
and by Niedner et al. with multiple modifications, was used to
synthesize all block copolymers and the statistical copolymer
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in this research work [30, 73]. Specifically, for the ABA block
co-polymer, 5.25 mg (0.032 mmol) of AIBN as a radical initiator,
90.37 mg (0.32 mmol) of the chain transfer agent BDATC, and
10 mL (57.6 mmol, 7.94 g) of purified myrcene (via vacuum distil-
lation) were added to a 50 mL Schlenk tube. Oxygen was removed
from the mixture through three freeze-pump-thaw (FPT) cycles.
The reaction was carried out under an argon atmosphere for
three days with constant stirring while maintaining a temperature
of 90°C. The product was purified by precipitation in 150 mL
of cold methanol, which was repeated twice. The product was
then dried under vacuum, yielding 1.638 g (20.9%) of yellow oily
poly(myrcene).

In the second step, 6.08 mg (0.037 mmol) of AIBN and 3.55 mL
(391 g, 7.83 mmol) of poly (ethylene glycol) methyl ether
methacrylate (previously filtered through alumina) were added
to 1.20 g of the poly(myrcene) obtained from the first step. The
mixture was then degassed as previously described and stirred
under argon at 90°C for three days. The final product was
dissolved in chloroform and precipitated twice in 150 mL of
methanol, then dried under vacuum. The ABA block-co-polymer
resulted in a yellow gel-like product with a yield of 4.186 g (81.9%).

Throughout the study, brown illustrations are used to represent
the ABA block-co-polymer, including those in the graphical
abstract.

4.3 | Synthesis of BAB Block Co-Polymer

For the BAB block co-polymer first, 6.5 mg (0.040 mmol) of AIBN,
112.96 mg (0.40 mmol) of BDATC, and 6.3 mL (6.94 g, 12.6 mmol)
of purified PEG-MA were added to a 50 mL Schlenk tube. Oxygen
was removed from the mixture by three FPT cycles. The mixture
was stirred at 90°C for three days under an argon atmosphere. The
resulting yellow, gel-like product was purified by precipitation
in 150 mL of cold methyl tert-butyl ether (MTBE), which was
repeated twice, and then dried under vacuum to obtain poly(PEG-
MA) with a yield of 4.895 g (70.6%). In the second step, 17.57 mg
(0.107 mmol) of AIBN and 16.13 mL (94.044 mmol, 12.81 g) of
purified myrcene were added to 4.00 g of poly(PEG-MA). The
mixture was then degassed as previously described and stirred
under argon at 90°C for three days. The final product was purified
by repeated precipitation in cold MTBE (2 X 150 mL) and then
dried under vacuum.

The synthesis of the BAB block copolymer resulted in a yellow,
viscous liquid with a yield of 8.767 g (52.2%).

In the following chapters and in the graphical abstract, blue
illustrations are used to represent the BAB block-co-polymer.

4.4 | Synthesis of Statistical Co-Polymer

In contrast to the ABA and BAB block co-polymers, the statistical
co-polymer was synthesized via a one-step RAFT polymerization.
Here, 5.25 mg (0.031 mmol) of AIBN, 90.37 mg (0.032 mmol) of
BDATC, 9.88 mL (57.6 mmol, 7.845 g) of purified myrcene, and
6.34 mL (5.76 g, 11.52 mmol) of purified PEG-MA were added
to a 50 mL Schlenk tube. Oxygen was removed as described

in the block co-polymer synthesis. The reaction was carried
out over three days under constant stirring at 90°C under an
argon atmosphere. The obtained product was purified through
precipitation in 150 mL of cold methanol, which was repeated
twice.

The final yellow product with a honey-like consistency was then
dried under vacuum with a yield of 9.7723 g (71.8%) and was
collected. Yellow illustrations, including those in the graphical
abstract, were used to represent the statistical co-polymer

4.5 | Labeling of the Polymers
The block co-polymers and the statistical co-polymer were
labeled with fluoresceinamine (FluoNH,).

For all three co-polymers, a carbodiimide reaction was carried
out using a 1:4 molar ratio (co-polymer: FluoNH,). DCC and
NHS were used to activate the carboxylic acid and promote the
reaction.

Specifically, for the block co-polymer ABA, 100.00 mg of ABA,
0.75 mg of FluoNH,, 0.45 mg of DCC, and 0.25 mg of NHS were
combined in a 20 mL vial containing 10 mL of DMF.

For the block co-polymer BAB, 100.00 mg of BAB, 0.75 mg of
FluoNH,, 0.45 mg of DCC, 0.25 mg of NHS, and 10 mL of DMF
were added to a 20 mL vial.

Concerning the statistical co-polymer, 100.00 mg of co-polymer,
17.78 mg of FluoNH,, 10.57 mg of DCC, 5.89 mg of NHS, and 10 mL
of DMF were added to a 20 mL vial.

The reaction mixtures were stirred for 24 h in the dark and then
precipitated in cold acetone. Finally, the product was repeatedly
washed with acetone to remove the free FluoNH, until no fluores-
cence was observed in the supernatant. The labeled co-polymers
were then dissolved in distilled water and freeze-dried.

As a control, PEG_4000 was also fluorescently labeled. For this
purpose, 100.00 mg of PEG_4000 was dissolved in 10 mL of
DMF. By adding 179.00 mg of FITC and 5.93 uL of DBTDL, the
reaction was initiated and then conducted for 24 h under constant
stirring in the dark. After completion, the mixture was washed
multiple times with acetone in order to remove free FITC until
no fluorescence was observed. The labeled polymer was then
dissolved in distilled water and freeze-dried.

4.6 | Characterizations

The structure of the produced co-polymers was confirmed by
'H NMR spectroscopy performed on a “Mars” 400 MHz Avance
4 Neo spectrometer from Bruker Corporation (Billerica, MA,
400 MHz). The spectra were recorded in deuterated chloroform
(CDCl;). For the measurements, approximately 5 mg of the
freeze-dried co-polymer was dissolved in 0.60 mL of deuterated
solvent. The chemical shifts are reported in parts per million,
and the center of the deuterated solvent served as an internal
standard.
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Gel permeation chromatography was performed using a PSS
Agilent 1260 Infinity system with a refractive index (RI) detector
and three SDV analytical columns (1000, 10000 and 100000 A; all
5 um, 5 X 300 mm), along with an SDV guard column (5 um, 8
X 50 mm) at 25°C to determine the molar masses and dispersity
of the synthesized co-polymers. The mobile phase used was THF
applied at a flow rate of 1 mL min~. The calibration curve was
established using the PSS ReadyCal-Kit PS (Agilent), ranging
from 0.474 kDa to 2520 kDa.

The size, polydispersity index (PDI), and zeta potential of the self-
assemblies were measured using a Zetasizer Nano ZSP (Malvern
Instruments, UK). For analysis, 0.5 mg of each product was
dispersed in 1 mL of solvent to prepare a 0.05% (m/v) solution
(solvent: demineralized water, 0.1 M phosphate-buffered saline
(PBS) pH 6.8 or pH 7.4). These solutions were then preheated at
37°C in a thermomixer (Eppendorf ThermoMixer C, Eppendorf
AG, Hamburg, Germany). Size and PDI were determined by
dynamic light scattering, while zeta potential was measured by
electrophoretic light scattering using a dip cell kit (Malvern ZEN
1002). All measurements were performed in triplicate at 37°C.

The morphology and dimensions of the synthesized self-
assemblies were analyzed using energy-filtered transmission
electron microscopy (EF-TEM) [74]. For sample preparation, 1 mg
of each co-polymer was dispersed in 1 mL of demineralized
water to obtain a 0.1% (m/v) solution. The dispersions were
incubated at 37°C in a thermomixer (ThermoMixer C, Eppendorf
AG, Hamburg, Germany) under continuous agitation at 1000 rpm
until complete dissolution. After incubation, the samples were
centrifuged at 13 400 rpm for 5 min using a MiniSpin centrifuge
(Eppendorf AG, Hamburg, Germany). The resulting supernatants
were carefully applied onto 200-mesh Formvar/carbon-coated
copper grids (Balzers Union, Liechtenstein) and air-dried. EF-
TEM imaging was conducted with a Zeiss Libra 120 microscope
(Carl Zeiss AG, Oberkochen, Germany). Micrographs were cap-
tured using a 2 x 2 K high-speed camera (Troendle, Germany)
and analysed with ImageSP software (Troendle, Germany).

4.7 | Reactivity of Double Bonds
To evaluate the reactivity of the double bonds, the synthesized
polymers were mixed with L-cysteine, and the residual double
bond content was determined by 'H NMR spectroscopy, using
deuterated chloroform (CDCl,) as solvent.

Briefly, the ABA and BAB block co-polymers and the statistical
co-polymer were separately dissolved in 30 mL of PBS pH 6.8.
They were then combined in a 50 mL Falcon tube with L-cysteine
at a 1:2 molar ratio based on the previously determined amount
of double bonds via '"H-NMR and the solutions were shaken at
500 rpm while maintaining a temperature of 37°C. 4 mL aliquots
were taken at O h, 1 h, 3 h, 5h, 8 h, 24 h, and 48 h, freeze
dried and the 'H NMR spectra were recorded. For double bond
quantification, the peak at 5.14 ppm, corresponding to the alkene
proton, and the peaks at 1.7 ppm, corresponding to the two methyl
groups, were considered, and their integrals were calculated.

The amount of free L-cysteine was also determined via 'H NMR
spectroscopy, using deuterated dimethyl sulfoxide (DMSO-d6) as

solvent. The three co-polymers were mixed with L-cysteine at a
1:2 molar ratio (considering the previously determined amount
of double bonds) in 5 mL of PBS pH 6.8, and the mixture was
shaken for 3 h at 37°C. Afterward, the mixture was transferred
to a Spectra/Por Float-A-Lyzer with a cut-off of 500-1000 Da and
dialyzed against 500 mL of PBS pH 6.8. Aliquots from the acceptor
chamber of 30 mL were taken at1h,3 h,5h, 8 h,24 h, 48 h, 72,
and 96 h and replaced with fresh buffer. The aliquots were then
frozen and lyophilized. The samples were dissolved in DMSO-d6
(1330 pL), and a precise amount of DMF (70 pL) was added as
an internal standard; 'H NMR was recorded. For quantification
of L-cysteine, the peak’s integral at 7.99 ppm, corresponding to
the CH group of the DMF was set as one, and the integral of the
peak at 3.06 ppm, corresponding to one of the two protons of the
cysteine’s CH,, was determined.

The reactivity of the double bonds toward the mucus-free thiols
was determined via Ellman’s assay [74].

Mucus was carefully harvested from porcine intestines provided
by a local slaughterhouse by scratching it out from the longitu-
dinally opened tissue. The mucus was then purified through the
following process: an aqueous 0.1 M NaCl solution (five times the
weight of the mucus) was added, and the mixture was stirred in
an ice bath for one hour. It was then centrifuged at 10 400 rpm
for 120 min at 4°C using a Heraeus Multifuge 3SR + Centrifuge
(Thermo Scientific, Waltham, Massachusetts, United States). The
supernatant was discarded, and the process was repeated using a
0.1 M NaCl solution equal to 2.5 times the mucus weight.

Briefly, 50 mg of previously purified mucus was dissolved in
500 uL of phosphate buffer (0.5 M, pH 8) and mixed with 5 mg
of the synthesized co-polymers for 24 h at 37°C and 150 rpm.
After the incubation time, 500 pL of 5,5-dithio-bis-(2-nitrobenzoic
acid) (DTNB, Ellman’s reagent with a concentration of 0.3 mg/mL
in the phosphate buffer previously mentioned) was added and
the samples were incubated for 90 min in the dark. Afterward,
the samples were centrifuged at 13 400 rpm for 5 min using a
MiniSpin centrifuge (Eppendorf AG, Hamburg, Germany), and
the absorbance at 450 nm using a Tecan Spark plate reader was
measured. Samples without the addition of mucus were also
subjected to the test in order to exclude any interaction with
Ellman’s reagent.

4.8 | InVitro Toxicity Studies
Cytotoxicity assays were performed on Caco-2 and HeLa cell
lines, following a method previously published by our group [75].

Caco-2 and HeLa cells were seeded in a 96-well plate at a
density of 2.0 x 10° cells/mL and supplemented with 100 uL of
either Minimum Essential Medium (MEM) or Dulbecco’s Mod-
ified Eagle Medium (DMEM), both containing 10% (v/v) heat-
inactivated fetal bovine serum (FBS) and penicillin/streptomycin
(100 units/mL and 0.1 mg/mL, respectively). The plates were
incubated at 37°C in a humidified atmosphere (9% relative
humidity, 5% CO,) until reaching confluency.

Solutions of the synthesized co-polymers, controls, and
PEG_4000 were prepared at concentrations of 0.2%, 0.1%,
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and 0.05% (m/v) in 25 mM HBS, pH 7.4, and prewarmed prior to
the application. HBS alone served as the positive control, while
0.1% (v/v) Triton X-100 was used as the negative control.

After removing the culture medium, cells were washed twice with
prewarmed HBS. Subsequently, 100 pL of each test solution was
added to the wells, and the plates were incubated for 4 h and 24 h,
respectively. After incubation, the test solutions were removed
and replaced with 150 uL of 8.8 mM resazurin solution. The plates
were then incubated at 37°C for an additional 2 h.

Finally, 100 pL of the supernatant was transferred to a black 96-
well microplate, and fluorescence was measured at an excitation
wavelength of 540 nm and an emission wavelength of 590 nm
using a Tecan Spark plate reader. Cell viability was calculated
using the following equation:

FIsample - FI(+)cnmml

Cell viability (%) = x 100  (3)

FI(—)control - FI(+)control

With Flgmye being the fluorescence intensity of the sample,
FI )contro Deing the fluorescence intensity of the negative control
(HBS pH 7.4), and FI )0 being the fluorescence intensity of
the positive control (0.1% (v/v) Triton X-100).

4.9 | InVivo Toxicity and Residence on Galleria
Mellonella Larvae

Galleria mellonella larvae (greater wax moth or honeycomb
moth) were provided by Zoowelt, Innsbruck (Austria), and
maintained in darkness on wood shavings at room temperature
to minimize stress until the experiment, which occurred within
three days of receipt. Healthy larvae were selected according
to standardized criteria, including body weight (150-250 mg),
uniform coloration with minimal or no melanisation, and a
prompt response to tactile stimulation. Prior to injection, larvae
were immobilized using custom-fabricated restraints constructed
according to the protocol described by Fredericks et al. [76]. The
synthesized co-polymers were dissolved in sterile HBS (pH 7.4)
to a final concentration of 2 mg/mL and subsequently sterilized
by a germicidal ultraviolet (UV) irradiation (Thermo Scientific,
Waltham, Massachusetts, United States) for 15 min. The chosen
concentration was determined based on results from previous in
vitro cytotoxicity assays. For in vivo administration, 10 uL of each
sample was injected into the haemocoel just below the last right
proleg using a sterile 10-uL Hamilton micro syringe (Figure 5B).
After injection, the larvae were maintained at room temperature
for 48 h, during which their physiological condition was evaluated
using a standardized health scoring index system [48, 50, 77].

Sodium nitrite (NaNO,) was used as a positive control and HBS
as a negative control [48].

To evaluate the residence time and distribution of the synthesized
co-polymers, the FITC- and FluoNH, samples were injected
together with HBS (pH 7.4) as a control, following the same
method as previously described.

Larval imaging was performed at various time points (0, 5, 8,
16, 24, 42, and 48 h) using an in vivo optical imaging system

(IVIS Vilber Newton 7.0, FT500) by immobilizing the animals in
the fabricated restraints [76]. Two independent experiments were
performed, each with 10 replicates.

This study does not fall under the regulations of the Animal
Experiments Act, as it applies only to vertebrate species and
cephalopods.

410 | Thermogravimetric Analysis

TGA measurements were carried out on a Mettler Toledo TGA2
STAR® System. For this purpose, ~5 mg of material was added to a
pre-tared open aluminum crucible of 100 uL and then loaded into
the device. The sample was then heated at a rate of 10°C min™!
from 25 to 600°C under N, with a flow rate of 150 mL min~!, and
the change in weight was recorded.

4.11 | Rheological Studies

The rheological properties, including viscoelasticity and viscosity
of the synthesized polymers in combination with purified mucus
were evaluated using an adapted methodology from Kali et al.
[78].

Measurements were performed using a plate-plate rheometer
(HAAKE Mars Rheometer, 40, Thermo Electron GmbH, Karl-
sruhe, Germany; Rotor: P35/Ti, diameter = 35 mm) with a fixed
gap of 0.50 mm between the two plates. All measurements were
conducted at a controlled temperature of 37°C.

To perform the experiment, the synthesized co-polymers were
dispersed in 0.1 M PBS pH 6.8 to obtain a 0.3% solution. This
solution was then mixed with previously purified mucus in a 1:5
polymer-to-mucus ratio and incubated at 37°C for three hours.
Polyethylene glycol (PEG 4000) served as reference material and
was subjected to the same preparation and testing conditions.
Oscillatory stress sweep tests were conducted within the linear
viscoelastic region at 37°C, using shear stress values ranging from
0.02 Pa to 50.0 Pa and a constant frequency of 1 Hz. The reported
values correspond to the linear viscoelastic region (LVR) obtained
under these conditions.

4.12 | Mucoadhesive Properties

The mucoadhesive properties of the statistical and block co-
polymers were assessed following the protocol described by
Haddadzadegan et al., with some modifications due to the use of
a different labeling molecule [79].

Freshly excised porcine intestinal mucosa segments, approxi-
mately 4 X 2 cm, were mounted on a microscope slide angled at
45° and maintained at 37°C. To simulate physiological conditions,
the mucosal surface was pre-rinsed with 0.1 M PBS, pH 6.8, at a
flow rate of 1 mL/min for 20 min.

Polymer mixtures were prepared in 0.1 M PBS (pH 6.8) at a
concentration of 0.2% (m/V), and 50 uL of each solution was
applied directly onto the mucosa. After a 20-min equilibration
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period under static conditions, buffer flow was reinitiated. Efflu-
ents passing over the mucosal surface were collected at scheduled
intervals (15, 30, 45, 60, 75, 90, 105, 120, 135, 150, 165, and
180 min). For reference controls, 100% of the polymer samples
were generated by dissolving 50 uL of labeled polymer in 15 mL
of the post-wash buffer. From each collected sample, a 1 mL
aliquot was incubated at 37°C with gentle shaking in the dark
for one hour, then centrifuged at 13 400 rpm for 10 min at room
temperature. Fluorescein-labeled polyethylene glycol with a M,
of 4000 Da (FITC-PEG) was tested under the same conditions as
a control to compare mucoadhesive performance.

Supernatant fractions (100 uL each) were analyzed using a
microplate reader (M200 spectrometer; Tecan Infinite, Grodig,
Austria) to determine fluorescence intensity (excitation (4.):
445 nm, emission (4., ): 510 nm). All experiments were performed
in triplicate. The following formula was used to calculate the
percentage of polymer retained on the mucosal surface:

FIsample

FI 100%

Polymer remaining on mucosa (%) =1 — X 100 (4)

where Flg,nmy. is the fluorescence intensity of the sample and
FI,4 is the fluorescence intensity of the control.

At time 0 and after 3 h of rinsing with the phosphate buffer, the
intestinal sections were imaged using the in vivo optical imaging
system (IVIS Vilber Newton 7.0, FT500).

4.13 | Mucus Permeation Study

The permeation of the synthesized co-polymers through a defined
mucus layer was investigated using a previously described
method, with some modifications [80].

To this end, Transwell-inserts with 33.6 mm? surface area and
3 pum pore size (Greiner Bio-One, Austria) were placed into a 24-
well plate. Then, 50 uL of freshly purified mucus was added to the
inserts and evenly distributed by shaking the plate for 5 min at
300 rpm and 37°C.

Solutions of FluoNH,-labeled co-polymers and FITC-labeled
PEG_4000 were prepared in 0.2 M HEPES buffer saline with
glucose (HBS-) pH 7.4 at a concentration of 0.5% (m/V). The
donor chambers were filled with 250 uL of polymer solutions, and
the acceptor chamber with 1 mL of HBS (pH 7.4). The buffer was
used as a negative control, while fluorescein in ethanol was used
as a positive control.

The plate was incubated at 37°C in an orbital shaker at 150 rpm
(Orbital Shaker-Incubator ES-80, Grant Instruments Ltd., United
Kingdom). Aliquots 0of 100 uL were withdrawn from each acceptor
chamber at specific time points (1 h, 2 h, 3 h, 4 h, 9 h, and
24 h) and replaced with an equal volume of buffer. A 100%
control was performed for each solution without a mucus layer
in the experimental setup and was used as a reference for
evaluating the concentration of permeated samples. Fluorescence
intensity was measured for each aliquot at 1., 490 nm and 4.,
530nm to calculate the cumulative amount of non-permeated
polymer.

4.14 | Antioxidant Activity

The free radical scavenging ability of the synthesized co-polymers
was assessed via a cell-free assay, namely the 2,2-diphenyl-1-
picrylhydrazyl DPPH method [81, 82].

First, a 0.005% (50 mg/L) solution of DPPH in ethanol was
freshly prepared. Polymer sample solutions were then prepared
in ethanol at a concentration of 0.1% (m/V). Equal volumes (1 mL
each) of the DPPH solution and the respective sample solutions
were mixed and incubated in the dark for 30 min to prevent
photodegradation. Ethanol served as the blank control, and
ascorbic acid as the positive control. After incubation, 100 uL of
each reaction mixture was transferred into a 96-well microplate,
and absorbance was measured at 517 nm using a TECAN plate
reader along with a full-spectrum scan. All measurements were
conducted in four replicates.

Moreover, the 2',7-Dichlorodihydrofluorescein  diacetate
(DCFDA) assay was performed to measure intracellular reactive
oxygen species (ROS) levels [66, 67, 83]. Caco-2 and HeLa cells
were seeded in a 96-wells plate at a density of 2 x 10° cells/mL and
supplemented with 100 pL of either Minimum Essential Medium
(MEM) or Dulbecco’s Modified Eagle Medium (DMEM), both
containing 10% (v/v) heat-inactivated fetal bovine serum (FBS)
and penicillin/streptomycin (100 units/mL and 0.1 mg/mL,
respectively). They were then allowed to settle and attach for 3
days at 37°C and 5% CO, to reach +80% confluence. On day three,
2',7’-Dichlorodihydrofluorescein diacetate (DCFDA) probe was
prepared by dissolving it in DMSO (5 mg/mL) and subsequently
diluting it in HBS buffer (25 mM, pH 7.4) to a concentration
of 50 pg/mL. This solution was kept protected from light until
further use.

Cells were washed twice gently with pre-warmed (37°C) HBS and
then incubated with 100 pL of co-samples, previously prepared
in HBS at a concentration of 0.1% (m/v), and 50 uL of DCFDA
solution for 4 h at 37°C and 5% CO,. After the incubation time,
cells were washed twice with HBS. The supernatant was removed,
and 30 pL of trypsin (Concentration of trypsin 0.05%, EDTA 0.02%
in DPBS, w/o: Ca and Mg) was added to detach the cells after an
incubation time of 5 min at 37°C and 5% CO,. 100 uL of culture
medium was added to each well to stop trypsinization, and the
samples were transferred to Eppendorf tubes, which were then
centrifuged for 4 min at 800 rpm. The medium was removed,
and 150 pL of HBS was added. The supernatant (100 uL) was
transferred to a black plate, and fluorescence was measured at
an excitation wavelength of 485 nm and an emission wavelength
of 520 nm using a Tecan Spark plate reader. A 50 um solution
of hydrogen peroxide (H,0,) was used as a positive control,
while culture medium was used as a negative control [84].
Ascorbic acid (0.1% (m/v)) was also tested as a known antioxidant
agent.

4.15 | Antimicrobial Properties

Escherichia coli (E. coli) BL21 Gold (DE3) (Stratagene, La Jolla,
CA, United States) was used to assess the antimicrobial properties
of the synthesized polymers. A stock plate for the following exper-
iments was prepared by plating 30 pL of the glycerol bacterial
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stock solution onto a standard-sized agar plate (7 cm diameter)
prepared with Mueller-Hinton Agar (Millipore) and incubating at
37°C for 24 h. A single bacterial colony was aseptically transferred
from the stock plate into agar supplemented with 1.5% tryptic
soy broth (TSB) and incubated overnight at 37°C. Following
incubation, the bacterial suspension was adjusted to a turbidity
equivalent of 1.0 McFarland standard, corresponding to approx-
imately 3.0 x 108 CFU/mL. This standardized suspension was
subsequently diluted to achieve a final bacterial concentration of
1.0 x 10* CFU/mL.

Polymer solutions, together with a Colistin solution (positive con-
trol) and a PEG_4000 solution (negative control), were prepared
in TSB with a final working concentration of 0.5% (m/V). A total
volume of 100 uL was prepared by combining 60 uL of the sample
or control solution with 30 pL of TSB and 10 pL of the diluted
bacterial suspension. From this mixture, 50 pL were plated onto
agar plates in triplicate and incubated for 24 h at 37°C.

The extent of antibacterial activity for each sample and the
controls was evaluated visually and calculated with ImageJ (NIH,
USA).

Images of the agar plates were taken under uniform lighting
with the camera oriented perpendicular to the plates. The scale
was set based on the known plate diameter, and images were
converted to 8-bit and thresholded to isolate colony regions from
background agar. Thresholds were manually adjusted to ensure
accurate segmentation, and binarized images were inspected and
corrected when necessary. The total colony-covered area was
measured, and the number of colonies was estimated by dividing
this value by the mean area of individually measurable colonies.
The estimated colony count was then converted to CFU/mL using
the plated sample volume and dilution factor.

In order to determine a concentration-dependency toward the
antimicrobial effect, a single colony from a stock agar plate was
inoculated into 1 mL of sterile liquid medium and incubated for
24 h at 37°C with shaking at 100 rpm. The overnight culture was
adjusted to a 0.5 McFarland standard (OD620) using sterile 0.9%
NaCl to obtain a standardized inoculum of approximately 1.5 x 10
CFU mL™". This standardized bacterial suspension was further
diluted with tryptic soy broth (TSB) to reach a working bacterial
suspension at 5 x 10° CFU mL~!) which was used for all experi-
ments. Samples (40 to 1.25 mg mL~!) were prepared in triplicate
using the bacterial suspension as diluent, and aliquots (100 uL) of
each dilution were transferred into 96-well plates. Plates included
growth, sterility, and sample-only controls to verify biological
activity and exclude interference. After incubation at 37°C for
18 h under static conditions, 10 uL resazurin solution (0.88 mM
in phosphate buffer, pH 7.4) was added to each well, and plates
were incubated for an additional 45 min before fluorescence
intensity was measured (Ex 560 nm/Em 590 nm) at the Tecan
Spark plate reader [85]. The concentration-dependent bacterial
inhibitory effect of the co-polymer sample was demonstrated as
the reduction of resazurin metabolism, provided that all controls
performed as expected. The ICs, was calculated using the AAT
Bioquest IC;, calculator, which applies a four-parameter logistic
(4PL) regression model to fit the experimental data and derive
the half-maximal inhibitory concentration from the resulting
sigmoidal dose-response curve [86].

4.16 | Statistical Analysis

Statistical data analysis was performed with GraphPad Prism
5 (GraphPad Software, Inc., San Diego, CA, USA). One-way
ANOVA, in combination with the Dunnett test, was used to
analyze the significance of differences between the means of the
control and the other samples, and a two-way ANOVA was used to
analyze the significant difference across sample groups. A Tukey’s
test was also applied to analyze the significance of differences
between groups of samples. A level of p < 0.05 was set as the
minimum level of significance.
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