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ABSTRACT

This study introduces cellulose films enriched with vitamin A/E liposomes as sustainable, bioactive dressings for tattoo af-
tercare. Morphological analysis showed a smoother, more continuous microtexture than the neat cellulose films, while x-ray
diffraction indicated reduced crystallinity upon liposome incorporation. Optically, the liposome-cellulose films combined
strong ultraviolet shielding across 300-400nm with visible transparency. Time-resolved contact-angle measurements placed
them between neat cellulose and polyurethane, indicating controlled fluid uptake consistent with a moist, non-occlusive in-

terface. Thermogravimetry revealed a higher peak degradation temperature with only a minimal change in onset. In uniaxial
tension, the films reached a peak modulus of 16 GPa and maximum strength of 290 MPa at 50°C temperature, approaching high-
performance nanocellulose benchmarks. Together, these results show that liposome-cellulose films integrate UV shielding,
tunable wettability, and enhanced thermal-mechanical response, advancing a bio-based alternative to conventional dressings

for newly tattooed skin.

1 | Introduction

The popularity of tattooing has increased markedly in recent
years. Appropriate post-tattoo care, hygiene, moisturization,
and photoprotection is essential to preserve appearance and pre-
vent complications. Even with adequate hygiene, effects such as
bleeding, crusting, swelling, photosensitivity, and skin infection
may occur [1].

The market for tattoo aftercare products is evolving.
Dexpanthenol-containing formulations are frequently recom-
mended during the early healing phase due to their moisturizing

and re-epithelialization support; however, they can also elicit al-
lergic contact dermatitis [1, 2].

On the face of it, film dressings have gained traction, particu-
larly transparent polyurethane (PU) sheets, because they are
flexible, occlusive, and provide a barrier against external con-
taminants while maintaining visibility of the tattooed area. PU
dressings are typically bioinert and petroleum-derived, offering
little intrinsic bioactivity and raising sustainability questions.
These limitations motivate the exploration of bio-based films
that can combine moisture management with added functional-
ity and improved biocompatibility [3].
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Cellulose is a promising alternative: an abundant, renewable,
and tailorable biopolymer with potential to reduce plastic bur-
den [4]. Depending on source and processing, it is cost-effective
and widely used in pharmaceutical, paper, textile, biomedical,
and composite applications [5].

A practical route to cellulose-based films is through hydrogels.
Hydrogel dressings offer high water content at the wound in-
terface, exudate management, oxygen permeability, and drug-
release capability, and often provide superior moisture balance
and patient comfort [6-10].

While cellulose hydrogels are attractive, neat cellulose does not
inherently provide the full set of functions required by freshly tat-
tooed skin as: sustained hydration, support for tissue regeneration,
modulation of local inflammation, and sensory comfort [1, 11, 12].
Incorporating bioactive compounds is therefore desirable.

Prior studies have incorporated liposomes into polysaccharide
films, including alginate/carboxymethyl-cellulose matrices em-
bedding botanical actives and cellulose-derived films carrying
liposomal antioxidants [13, 14]. Broader reviews likewise doc-
ument liposomes in biopolymer platforms and their interfacial
interactions [15, 16].

Nevertheless, the incorporation of vitamins A and E into water-
based cellulose processing remains challenging because their high
lipophilicity can drive macroscopic phase separation and local-
ized vitamin-rich domains when added directly to aqueous hy-
drogels, undermining dispersion uniformity and reproducibility.
Liposomal encapsulation provides a solvent-free route to introduce
these actives into water-based cellulose matrices, favoring a more
homogeneous distribution and potentially reducing premature
losses by limiting exposure to oxygen and light [17-20].

However, to our knowledge there are no reports that integrate
vitamin A/E liposomes specifically into cellulose films for tattoo
aftercare and benchmark them head-to-head against commer-
cial polyurethane (PU) dressings using a comprehensive struc-
ture-property workflow (SEM, XRD, FTIR, UV-Vis, wetting
kinetics, TGA, and temperature-dependent tensile tests).

To address this gap, we propose enriching cellulose films with
vitamin A/E liposomes. Although this study does not include
biological testing such as cytocompatibility in skin-relevant cell
models or irritation assessment for topical contact, it provides a
rigorous materials-level foundation by reporting the fabrication
route and the physicochemical and functional characterization
of the resulting cellulose-liposome films.

2 | Experimental Materials and Methods
2.1 | Hydrogel Preparation

Cellulose hydrogels were produced following Missio et al. [21]
with minor adaptations. An aqueous cellulose suspension at ap-
proximately 1.2wt% was first premixed in a household blender
(room temperature, ~2-3min) to promote preliminary disper-
sion and to facilitate downstream refining. The cellulose content
(1.2wt%) was defined on a mass basis using the dry cellulose

mass relative to the total suspension mass. The suspension was
then processed in an ultrafine colloid mill (MKCA6-4, Masuko
Sangyo Co. Ltd., Kawaguchi, Japan) operating at 1500rpm be-
tween stone disks, with recirculation for 20 cycles, until a homo-
geneous hydrogel was obtained. No active temperature control
was applied during milling. The process was carried out under
laboratory ambient conditions. Homogeneity was assessed visu-
ally by the absence of visible agglomerates and by the formation
of a continuous, uniform gel.

The vitamin A/E liposomal gel was supplied by a compounding
pharmacy (Farmdcia Curativa, Pelotas-RS, Brazil) and used as
received. The liposomes were provided in a Carbopol-based gel
containing 10wt% vitamin A/E (in liposomal form). According
to supplier specifications, the formulation presented an average
hydrodynamic diameter of ~180nm (dynamic light scattering,
DLS), pH in the range 5-6, and encapsulation efficiencies higher
than 89%.

For liposome-enriched hydrogels, the commercial vitamin A/E
liposomal Carbopol gel was added during the premixing step at
a fixed concentration of 3wt% (relative to the total hydrogel),
kept constant across all film formulations to isolate composi-
tional effects. This corresponds to a nominal vitamin A/E load-
ing of 0.3wt% in the final hydrogel.

2.2 | Preparation of Bioactive Films

Bioactive films were cast to a target basis weight of 28gm=2.
Considering the nominal vitamin A/E fraction in the hydrogel
(0.3wt%), this basis weight corresponds to a nominal vitamin
A/E loading of 84 mgm™ (8.4 g cm™?) in the cast films. Control
films (CM) were prepared from cellulose-only hydrogels by cast-
ing onto silicone plates and drying at ambient temperature, fol-
lowing Ramos-Andrés et al. [22] with minor adaptations. Films
containing vitamin A/E liposomes were prepared using the
same casting protocol.

The overall workflow, from cellulose sourcing and hydrogel
fabrication to incorporation of the commercial vitamin A/E
liposomal gel and film casting, is summarized in the process
schematic (Figure 1).

For benchmarking, we also analyzed a commercial polyure-
thane (PU) dressing-Tattoo Protection (Electric Ink, Uberaba,
Brazil), alongside the neat cellulose (CM) and liposome-cellu-
lose (CLM) films.

2.3 | Characterization of the Films
2.3.1 | Scanning Electron Microscopy (SEM)

Morphological characterization was carried out by scanning
electron microscopy (SEM) (JEOL, JSM-6610LV) microscope
equipped with an EDS microprobe. To ensure adequate electri-
cal conductivity, samples were sputter-coated with gold prior to
imaging. Images were acquired at 15kV and magnifications of
500, 1000, and 3000 %, allowing detailed evaluation of the sur-
face morphology and microstructural features.
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| Schematic of the process: Cellulose (from Eucalyptus fibers) is combined with vitamin A-E liposomes and refined in a colloid mill to

form a hydrogel, which is then cast into a bioactive film. [Color figure can be viewed at wileyonlinelibrary.com]

2.3.2 | X-Ray Diffraction (XRD)

XRD patterns were recorded on a X-ray diffractometer
(XRD 6000, Shimadzu, Kyoto, Japan) with Cu K « radiation,
4 = 1.5406A. The instrument was operated at 30kV and 30mA.
Scans were collected over 20 = 10" — 60" with a step speed of
1" min ~% Data processing was performed using the XRD 6000
Software Package. The crystallinity index (CI) was calculated
using Equation (1), as described by [23].

A
Cl(%)=—=—x100

A+A @

c i

where A, and A, are the areas of the crystalline and amorphous
regions, respectively, obtained integrating the area under the
XRD curves using OriginLab software [24].

2.3.3 | Fourier Transform Infrared Spectroscopy
(FTIR)

Infrared spectra were acquired on a infrared spectrometer
(Prestige-21, Shimadzu, Kyoto, Japan) equipped with an ATR
accessory. Spectra were collected from 4000 to 600 cm™ with a
resolution of 4 cm™ and 90 scans.

2.3.4 | Apparent Contact Angle

Surface wettability was evaluated by the sessile—drop method
using an optical tensiometer Theta Lite (TL100, Biolin Scientific/
Attension, Espoo, Finland) controlled by OneAttension soft-
ware. Prior to testing, each film was mounted flat on the sample

stage to minimize curvature and leveled according to the instru-
ment procedure. For each sample, a 10 uL droplet of distilled
water was gently deposited on a fresh area of the film surface,
and five independent measurements were performed at spatially
distinct locations to account for possible surface heterogeneity.
The contact angle was monitored for 60s with image acquisi-
tion at 20 frames s~!, and the angle was determined using the
software droplet- profile fitting routine. Reported values corre-
spond to the mean of the five measurements, and the measure-
ment variability did not exceed + 2 for any condition.

2.3.5 | Basis Weight (Grammage)

Basis weight (mass per unit area) was determined for the produced
films. Squares of 1 em X 1cm were cut and weighed on an ana-
lytical balance; six specimens were measured per film type. Values
were calculated according to TAPPI T 410 om-00 [25].

2.3.6 | Thickness and Density

The film thickness was measured with a Shahe digital microm-
eter. Apparent density was obtained from the ratio of basis
weight to thickness, following TAPPI T220 om-01/om-02 [26].
The same 1 cm X 1cm specimens used for basis weight were
employed for thickness and density measurements.

2.3.7 | Water Uptake by Immersion

Water absorption was measured according to ASTM D570 [27]
for plastics and polymeric films. Specimens were immersed in
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water following a standardized protocol and the percentage up-
take was computed by

: My ="y
Absorption(% ) = ——— x 100,
my

where m, is the initial dry mass (g) and m, is the mass after
immersion (g). The primary immersion time was 2min (ac-
cording to TAPPI T491 [28] for papers and paperboards of in-
termediate absorbency). In a complementary test, samples were
immersed for 1h to assess stability and possible dissolution.
After immersion, specimens were gently blotted to remove sur-
face water and reweighed. Subsequently, films were analyzed
by UV-Vis spectrophotometry over the same wavelength range
described below.

2.3.8 | Ultraviolet-Visible (UV-Vis) Spectroscopy

Optical transmittance was measured with a single-beam UV-
Vis spectrophotometer (UV-M51, Bel Engineering, Monza,
Italy). Spectra were collected from 200 to 600 nm.

2.3.9 | Thermogravimetric Analysis (TGA)

Thermal stability and degradation behavior were evalu-
ated by thermogravimetry using a DSC-60 unit (Shimadzu
Corporation, Kyoto, Japan), operated in TGA mode. Samples
were heated from 28°C to 600" C at 10" C. min ~! under flowing
nitrogen (50 mL. min ~1).

2.3.10 | Tensile Testing

Uniaxial tensile tests were performed on a Dynamic Mechanical
Analyzer (Q800, TA Instruments, New Castle, DE, USA). Tests
were conducted at 30°C, 40°C, 50°C, and 60" C with a heating
rate of 4" C.min ~! up to a maximum load of 18 N. Specimen
dimensions were 30.00 mm (length) x 5.00 mm (width) with
thickness between 0.15 and 0.20mm. The following parame-
ters were determined: maximum stress (.. ), strain at break
(£). and elastic modulus (E). Prior to testing, specimens were
conditioned at 23" C and 60% relative humidity for 24 h and kept
sealed until measurement. All measurements were performed

under a controlled room temperature of 23°C (+2°C) and 60%
(+ 5%) relative humidity.

3 | Results and Discussion

3.1 | Macroscopic Appearance and Surface
Morphology

Figure 2 shows the three types of films analyzed in the work:
(a) the neat cellulose film (CM), (b) the cellulose film incorpo-
rating liposomes (CLM), and (¢) a commercial polyurethane
film (PU).

Visual inspection of Figure 2a shows that the CM exhibits a
more irregular surface with small imperfections (bubbles), indi-
cating heterogeneity of the polymeric network.

By contrast, the CLP (Figure 2b) presents a visibly smoother
and more homogeneous surface, with no apparent bubbling
or structural voids. Its more translucent and uniform appear-
ance suggests a more even distribution of components, which
can ftranslate into improved properties as we will see in the
next sections. For reference, Figure 2c shows a representative
commercial polyurethane dressing used clinically for wound
coverage.

Figure 3 presents a microstructural surface characterization by
SEM, resolving the films' topography and morphology at the mi-
crometer scale at 500, 1000 x, and 3000 x.

The PU surface (Figure 3a) is uniform and compact, consis-
tent with wound-dressing PU films described in the literature
[29], suggesting an effective barrier against moisture loss and
external contaminants. CM (Figure 3b) shows a rougher, less
compact surface with exposed fibrils and micron-scale irregu-
larities, features that can influence mechanical response and
permeability [10]. This texture is consistent with the fibrous na-
ture of cellulose.

SEM reveals that the CLM (Figure 3c) exhibits a smoother, more
continuous topography than CM. This microstructural refine-
ment is consistent with liposomes occupying interstitial voids
within the cellulose network, enhancing cohesion and surface
uniformity.

FIGURE2 |

Comparison of the three films studied: (a) neat cellulose film (CM), (b) the cellulose film incorporating liposomes (CLM), and (c) a

commercial polyurethane film (PU). [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3

3.2 | Crystalline Structure Characterization
by XRD

An X-ray diffraction (XRD) analysis was carried out to probe
possible structural changes in the films. Measurements were
performed at room temperature, and the diffractograms are
shown in Figure 4.

The cellulose-based films (CM and CLM) display a broad maxi-
mum around 26 ~ 22" — 23" with few secondary reflections, char-
acteristic of largely disordered (regenerated) cellulose. Liposome
incorporation (CLM) further broadens and attenuates this maxi-
mum relative to CM, consistent with increased microstructural
disorder and reduced crystallite size within the cellulose network.
This characteristic is observed through the crystallinity index, eval-
uated by Equation (1), which decreases from 34.6% for the CM film
to 23.6% for the CLM film, with this relative percentage reduction
being approximately 32% after the incorporation of liposomes.

By contrast, the PU pattern shows a comparatively sharper
feature near this angle, reflecting PU's own semicrystalline

| Scanning electron micrographs of (a) PU, (b) CM, and (c) CLM at nominal magnifications of 1-500x, 2-1000x, and 3-3000x.

|
—/I—\ CLM
3
< I
2 I
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£ |
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£ |
|
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|
" 1 I M | " 1 M 1 M
10 20 30 40 50 60

20(°)
FIGURE 4 XRD patterns of CM, CLM and, PU. Dashed lines indi-
cate the peaks that occurs near 20 = 22", [Color figure can be viewed at
wileyonlinelibrary.com]
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morphology (CI=71.09%). Because PU is a different polymeric
phase with distinct chemistry, scattering factors, and crystallo-
graphic motifs, its peak width and intensity will not be used to
rank crystallinity against the cellulose films; they serve primar-
ily as a phase fingerprint for PU.

3.3 | UV-Vis Transmittance

Figure 5a presents the UV-Vis transmittance spectra of CM,
CLM, and PU in the 200-600 nm range. Its also included CLM
after water immersion (CLM, . Figure 5b) to assess the effect
of short-term hydration on optical clarity.

PU shows the highest visible transmittance (400-600 nm), CM
the lowest, and CLM an intermediate, monotonic rise with wave-
length. This ordering mirrors the SEM-derived surface unifor-
mity (PU > CLM > CM): the compact, feature-poor PU surface
minimizes diffuse scattering and thus transmits more light,
whereas the rough, fibrillar CM surface enhances micro-scale
scattering and depresses transmittance; CLM, whose liposomes
smooth interstitial voids, lies in between. After immersion,
CLM,,, ., exhibits a modest, reproducible drop in transmittance
relative to CLM, consistent with slight swelling that increases
refractive-index fluctuations and scattering; the spectral shape
is otherwise preserved, indicating no optical damage.

In the UV (300-400 nm), chemistry dominates over micro-
texture: both cellulose-based films (CM and CLM) strongly
attenuate UV relative to PU, reflecting intrinsic absorption by
cellulose (and, for CLM, contributions from the liposomal/vita-
min phase). CLM achieves slightly lower UV transmittance than
CM, while CLM, is broadly comparable to CM. Practically,
this strong UV attenuation (3-6 orders of magnitude greater
than PU) makes CLM more suitable than PU for protecting
newly tattooed skin; compared with CM, CLM offers margin-
ally superior UV shielding while maintaining more controlled,
non-occlusive moisture uptake.

100

90 4

Transmittance (%)
g8 8 3

300

400
Wavelength (nm)

500 600

(a)

3.4 | FTIR Analysis

Figure 6 shows the FTIR spectra of CM, CLM, and PU recorded at
room temperature. FTIR provides an ensemble-averaged chemical
fingerprint and, due to band overlap and non-unique assignments,
it cannot unambiguously confirm specific interfacial bonding mo-
tifs, therefore, the discussion is presented as supportive evidence
rather than definitive proof of a given interaction mechanism.

All samples display a broad envelope between 3700 and
3000 cm™!, assigned to O—H stretching of cellulose and, in
PU, overlapping N—H stretching from urethane/urea link-
ages. Aliphatic C—H stretching appears near 2920 cm™! (and
a weaker shoulder near 2850 cm™!). The band at ~ 1650 cm™!

——PU
—CLM
——CM
El -1
© 1650 cm —=
§ 1430 cm™ ' —>
i -1
% 2900 cm™ 1370 cm [
w
&
= ) , 1315¢cm™"
3700cm’ 3000 cm’!
I I 1 N 1 M T M 1 N T N
4000 3500 3000 2500 2000 1500 1000 500
Wave number (cm™)
FIGUREG6 | FTIR spectra at room temperature of PU (orange), CLM

(blue), and CM (green). Key bands are labeled (3700-3000, 2900, 1650,
1430, 1370, and 1315 em™). [Color figure can be viewed at wileyonlineli-
brary.com]

(b)

FIGURES | (a) UV-Vis transmittance spectra (200-600nm) of the three films: PU (orange), CLM (blue), CLMimm (CLM after water immersion,

red) and CM (green). The dashed vertical line marks 400 nm (visible threshold). Inset: Magnified view of the low-transmittance region (0%-20%) for

200-600nm. (b) (i) CLM and (ii) CLM after 1 h in water imersion. [Color figure can be viewed at wileyonlinelibrary.com]
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corresponds to the H—O—H bending mode of absorbed water.
Features around 1430, 1370, and 1315 cm™! are consistent with
CH, deformation/rocking and C—0—C/C—C skeletal vibrations
in polysaccharides and related matrices [30-33].

In the O—H/N—H region, PU exhibits a lower overall intensity
than the cellulose films, as expected for a material with fewer
available hydroxyl donors. Conversely, CM shows the broadest
and most intense O—H envelope, reflecting the high density of
hydroxyl groups in cellulose. The CLM spectrum falls between
PU and CM, consistent with partial interaction of the liposomal
phase with the cellulose network and a concomitant redistribu-
tion of hydrogen bonds.

Pawlikowska et al. demonstrated that quercetin embedded in
DPPC liposomes establishes hydrogen bonds between pheno-
lic O—H groups and the phospholipid headgroup (phosphate-
ester region) [34]. Because liposomes are typically phospholipid
assemblies [15], an analogous scenario is plausible here: the
observed band-shape changes in CLM (including subtle con-
tributions in the mid-IR region) are consistent with increased
polar interactions at the cellulose-liposome interface, poten-
tially involving hydrogen bonding between cellulose hydroxyls
and phospholipid headgroups and/or other noncovalent con-
tacts (e.g., carbonyl/choline-associated interactions). However,
due to spectral overlap, FTIR alone cannot isolate or prove a
specific hydrogen-bonding configuration. Such interactions can
broaden bands and induce small wavenumber shifts, which
should be interpreted as qualitative, indirect indications of in-
terfacial association rather than definitive evidence of a unique
bonding mechanism.

In the aliphatic C—H region near 2920 em™, the CLM spectrum
often shows an intermediate intensity relative to CM and PU,
which may reflect changes in local packing and segmental ori-
entation due to hydrophobic (van der Waals) contacts between
liposome alkyl chains and cellulose domains. Finally, the water
bending band at ~ 1650 cm™! is weakest for PU, in line with
its comparatively higher hydrophobicity. Similar trends were
reported for sodium—alginate/carboxymethylcellulose films
incorporating green-tea liposomes, where the spectrum of the
liposome-containing film lay between the liposome-free and
liposome-rich cases [13].

Overall, the spectral changes are consistent with predominantly
secondary interactions, hydrogen bonding, and other noncova-
lent contacts, rather than covalent bond formation between cel-
lulose and the liposomal constituents.

3.5 | Wettability

The time evolution of the water contact angle for the three
groups is shown in Figure 7. The red dashed line at 90" marks
the conventional boundary between hydrophobic (> 90°) and hy-
drophilic (< 90") wetting [35-37].

At =0 s, PU exhibited a water contact angle of ~ 91', indicative
of a predominantly hydrophobic surface. This value decreased
slightly to ~ 85" at 60s. The sustained near-spherical droplet
shape suggests limited fluid-surface interaction and low liquid

90 e —— — — — — — E— — — — —
80 - |
;..,?0~ PU |
i - e -CM
o go e _
E”ecp‘ - o= OL
< 50 T
- S
E 40'-‘\ -~ bt S e .H
O34 -
20 " g T
10 TR e »
T T 1 T T L T
0 10 20 30 40 50 60
time (s)
FIGURE 7 | Time-resolved water contact angle for PU, CM, and

CLM over 60s. The red dashed line at 90" marks the hydrophobic/hydro-
philic threshold. Data points represent the mean of five measurements
taken at different locations on each sample. The measurement variabil-
ity did not exceed + 2 for any condition. [Color figure can be viewed at
wileyonlinelibrary.com]

uptake, consistent with the typical behavior of polyurethane
dressings.

In contrast, CM showed an initial contact angle below 37.5',
confirming its highly hydrophilic character, which decreased to
~ 9.4 by 405, with the droplet fully spreading across the surface.
As discussed by Berglund et al. [38], the exponential decay of
the contact angle arises from water migration into nanocellulose
pores, facilitated by surface —OH groups that impart polarity
and enable extensive hydrogen bonding [39], in agreement with
the FTIR evidence.

The liposome-containing film, CLM, presented an intermediate
response, with an initial angle of ~ 61.4° decreasing to ~ 37.1°
at the experiment's end, indicative of a progressive, more con-
trolled absorption process relative to CM. These results suggest
that liposome incorporation can modulate fluid uptake, sup-
porting a moist yet controlled microenvironment.

Commercial dressings frequently rely on synthetic polyure-
thane films to limit initial liquid ingress and provide an exter-
nal barrier. Nevertheless, the literature emphasizes the need
for materials that balance absorption and moisture retention to
avoid excessive wound dehydration, particularly in hydroactive
wound dressings [40, 41].

3.6 | Physicochemical Properties

CM and CLM films showed significant differences in their phys-
ical properties relative to each other and to PU, as illustrated in
Figure 8.

The mean thickness (Figure 8a) and basis weight (Figure 8b)
show that PU exhibited the greatest values, with a thickness of
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FIGURE 8 | Physicochemical properties of CM, CLM, and PU. Bars represent the mean and error bars indicate the standard deviation (n = 6).
Within each panel, different superscript letters indicate significant differences between samples (two-tailed Welch's t-test with Holm correction,
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0.0868 + 0.0025 mm and a basis weight of 57 + 1.38 gm~2 In
both panels, PU differs significantly from the cellulose-based
films (superscript a vs. b), whereas CM and CLM are not statis-
tically different from each other (both b). An important point
is that, although PU is the thickest and has the highest basis
weight, it nevertheless exhibited the highest transmittance in
the optical measurements (Section 3.3), indicating that material
chemistry and microtexture outweigh thickness and grammage
in governing light transmission.

CM  presented lower values than PU, reaching
0.0518 + 0.0102 mm in thickness and 33 + 4.71 gm™2 in basis
weight. This difference may be associated with supramo-
lecular rearrangements of the cellulose network during re-
generation and drying, which affect mass distribution and
compaction [42].

CLM showed smaller mean values, with a thickness of
0.0335+0.0021 mm and a basis weight of 28 +1.17 gm™2.
However, consistent with the statistical grouping (both b), these
reductions relative to CM are not significant at @ = 0.05. The
presence of liposomes appears to influence cellulose dispersion
and modulate matrix reorganization (Section 3.1), promoting
compaction and supporting a predominantly amorphous state,
consistent with the XRD results (Section 3.2).

Density trends (Figure 8c) further support this interpretation:
CLM shows a significantly higher density than PU (a vs. b),
while CM is intermediate (ab) and therefore not statistically dif-
ferent from either material.

Finally, the mean water absorption results (Figure 8d) reveal
marked differences among the three films. PU exhibited the lowest
uptake,9.0% + 7.39 %, as expected for a hydrophobic material. CM
reached 95.0% + 13.96 %, whereas CLM attained 140.0% + 11.8%.
These differences are statistically significant and follow the rank-
ing CLM > CM > PU (superscripts a, b, and ¢, respectively).

The higher uptake of CLM can be attributed to the amphiphilic
nature of the liposomes [43], which can enhance water transport
and retention within the film matrix by increasing free volume
and enabling capillary-assisted penetration into internal voids.
Importantly, the immersion test performed here captures early-
stage uptake (2min), where rapid capillary ingress and the onset
of through-thickness swelling can be dominant, whereas the
contact-angle experiment (Section 3.5) probes short-timescale
sessile-drop wetting at the outer surface. Such a divergence is
well documented for rough, absorbing substrates, where the ap-
parent contact angle decreases over time due to droplet imbibi-
tion into surface-accessible pores, so the measured angle reflects
both interfacial wetting and near-surface wicking rather than
surface free energy alone [44, 45].

Consistent with the SEM observations (Section 3.1), CM exhibits a
more open surface topography that favors faster imbibition and a
steeper decay of the apparent contact angle, whereas CLM appears
more cohesive at the outermost surface, leading to more controlled
wetting kinetics. Under immersion, however, the liposomal phase
may increase the film water-holding capacity by introducing hy-
drated amphiphilic domains and additional microvoid pathways,
thereby enhancing through-thickness uptake and retention.
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Importantly, although water a values may depend on film thick-
ness and UV-Vis transmittance results (Section 3.3) may be in-
fluenced by both thickness and grammage, normalization only
rescales the absolute magnitudes and does not change the rel-
ative ranking. This confirms that the main trends are not arti-
facts of thickness or basis-weight differences.

3.7 | Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was carried out to assess
the thermal stability and degradation behavior of the films
(Figure 9). Table 1 compiles the results, reporting the onset de-
composition temperature (1,.,). the peak degradation tempera-
ture (T, ) and the corresponding mass loss (weight (%)).

Figure 9a shows PU, which exhibits the highest thermal stabil-
ity with T, ., = 400.12" C, Toear = 509.97° C, and a mass loss of
95.81%, indicating near-complete degradation. CM (Figure 9b)
displays T = 287.75 C, Tpeq =400.50° C, and 55.04% mass
loss, consistent with lower thermal stability relative to PU.

Upon liposome incorporation, CLM (Figure 9c) presents
Tonser = 282.62°C, T =41640°C, and 60.10% mass loss.

onset

Comparing the cellulose-based films, CLM attains a higher T\,
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80 ki
= \
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z 5
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20 -|
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(@)

than CM while showing a slightly lower T, (~ 5°C). The im-
plications of these thermal trends for mechanical performance
are addressed in Section 3.8.

3.8 | Mechanical Performance at Elevated
Temperature (Tensile Tests)

The uniaxial tensile response of the commercial polyurethane
dressing (PU) and the cellulose-based films (CM and CLM) was
evaluated at 30°C, 40°C, 50°C, and 60°C. The results are sum-
marized in Tables 2 and 3 as mean + standard deviation. Within
each temperature and property, statistically significant dif-
ferences among samples are indicated by different superscript
letters.

TABLE 1 |
decomposition stage, with associated mass loss (TGA/DTG).

Onset and peak temperatures for the main thermal

Weight (%)

T T
100 200 300

Sample Toiszer (°C) Tpear (°C) Weight (%)
PU 400.12 509.97 95.81
CM 287.75 400.50 55.04
CLM 282.62 416.40 60.10
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FIGURE9 | TGA curves of: (a) PU, (b) CM and, (c) CLM. Orange: Mass loss (%). Black: Derivative (dW/dT, %/°C). [Color figure can be viewed at

wileyonlinelibrary.com]
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TABLE2 | Mechanical properties of PU, CM, and CLM at 30°C and 40°C reported as mean + standard deviation (n = 3): Ultimate tensile strength
(6 may). €longation at break (£), and Young's modulus (E). Within each temperature and property, different superscript letters indicate significant
differences between samples (two-tailed Welch's t-test with Holm correction, a = 0.05). Grouping by column: At 30°C, o, {PU, CLM}*, [CM]"; &:
{PUJ, {CM, CLMJ?;, E: {CLM}“, {CM}, {PUJ. At 40°C, o, [CLMJY, {PU, CM}; &: {PU}4, {CM}?, {CLM}*; E: {CLM]}®, {CM}®, [PU}-.

30°C 40°C
Sample O max (MPa) £ (%) E (GPa) 0 max (MPa) £ (%) E (GPa)
PU 59.83 £4.84¢ 180.20+9.30¢ 0.21 +£0.02¢ 46.54+3.770 295.70+15.26 0.13+£0.01¢
CM 22.26 +£1.80° 6.03+0.31° 0.50+0.04 48.27+3.91° 6.90+0.36" 0.80 +0.06"
CLM 68.35+5.53¢ 6.4640.33" 1.78+0.13¢ 90.20+7.30¢ 5.38+0.28¢ 2.62+0.19¢
TABLE 3 | Mechanical properties of PU, CM, and CLM at 50°C and 60°C reported as mean + standard deviation (n = 3): Ultimate tensile strength

(6 max)s elongation at break (e), and Young's modulus (E). Within each temperature and property, different superscript letters indicate significant
differences between samples (two-tailed Welch's t-test with Holm correction, a = 0.03). Grouping by column: At 50°C, o, {CM, CLM}4, {PU}; &

[PUJ, {CM}?, {CLMJS: E: {CLMJ?, {CMJP, {PUJE. At 60°C, 5, {CMI9, {CLMJY, {PU}: &: {PU, {CM1P, [CLMJ; E: {CLMJ¥, [CM}?, {PUJ.

50°C 60°C
Sample 6 max (MPa) £ (%) E (GPa) O max (MPa) & (%) E (GPa)
PU 34.06+2.76" 253.50+13.08¢ 0.07+0.01¢ 24.99+2.02¢ 447.60+23.10¢ 0.05+0.01¢
CM 261.20+£21.13¢ 7.87 +0.41° 4.60+0.34" 278.40£22.527 9.38+0.48" 4.37+0.32b
CLM 286.40£23.17% 3.31+£0.17° 15.83+1.17¢ 133.70£10.82° 3.78+£0.20° 6.30£0.46¢

At 30°C, PU exhibited the highest ductility (¢ = 180.20%) and
the lowest stiffness (E = 0.21 GPa), which is consistent with a
soft and highly extensible elastomeric dressing. In contrast, both
cellulose-derived films were brittle at this temperature (e ~ 6%).
Despite their similarly low elongation, CLM was markedly stiffer
than CM (E =1.78 vs. 0.50GPa, different letters), and its ulti-
mate strength was significantly higher than CM. Notably, the
ultimate strength of CLM and PU at 30°C did not differ statisti-
cally under the adopted test and analysis conditions (same letter
in Table 2).

At 40°C, PU softened, as evidenced by reductions in both o,
and E, while ¢ increased to 295.70%. In contrast, the cellulose-
based films remained low-elongation materials (¢ < 7%). CLM
showed the highest strength and stiffness at 40°C (o,,,, = 90
MPa; E = 2.62 GPa), exceeding both PU and CM in o, and E,
whereas PU and CM were not statistically different in o, at
this temperature. These results indicate that liposome incorpo-
ration increased load-bearing capacity and rigidity relative to
the cellulose-only film in the 30°C-40°C range.

At 50°C, Table 3, CM and CLM were statistically indistinguish-
able in .. but CLM exhibited a significantly higher modulus,
E, than CM (15.83 vs. 4.60GPa) together with a significantly
lower & (3.31 vs. 7.87%), evidencing a ductility trade-off induced
by liposome incorporation. This temperature-induced stiffen-
ing up to 50°C is consistent with the behavior of the cellulose-
only film (CM), which also shows high strength and modulus
at 50°C-60°C, supporting a thermal-conditioning effect of the
regenerated-cellulose network. A plausible mechanistic interpre-
tation is that heating promotes reduced plasticization (moisture
loss) and supramolecular densification of the hydrogen-bonded

cellulose structure, enhancing load-bearing and stress transfer
within the fibrillar network.

At 60°C, all three materials differed statisticallyino ., £, and E,
with CM presenting the highest s, CLM retaining the highest
modulus, and PU maintaining the highest elongation (Table 3).
The pronounced decrease in CLM strength at 60°C (relative to
its 50°C peak) suggests that additional temperature-dependent
changes begin to dominate, plausibly including softening or
structural rearrangement within the liposomal domains or at
the liposome-cellulose interphase, which would reduce effective
reinforcement and interfacial load transfer at higher tempera-
ture. This interpretation is compatible with a balance between
temperature-enhanced network consolidation (up to 50°C) and
subsequent thermal softening or interfacial rearrangements at
higher temperature [46, 47].

For context, Rambabu et al. [48] reported nanocellulose films
with tensile strength up to 273 MPa and modulus near 17 GPa.
Under the 50°C condition, CLM reached a comparable modulus
(15.83 GPa), indicating that the cellulose-based network can ap-
proach nanocellulose-like rigidity even in the presence of liposo-
mal domains, albeit with very limited strain-to-failure.

These results reinforce two distinct mechanical profiles: PU
behaves as a highly extensible, temperature-softening elasto-
mer, whereas CM/CLM remain low-elongation, high-stiffness
films. Within the cellulose-based group, CLM tends to increase
stiffness relative to CM at 30°C-50°C, but at 60°C the strength
ranking reverses (CM > CLM), confirming that liposome incor-
poration modifies not only the absolute mechanical level but
also its temperature sensitivity.
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4 | Conclusions

Incorporating vitamin A/E liposomes into regenerated-cellu-
lose films produced a smoother, more continuous microtexture
(SEM) and a broader, less intense diffraction maximum relative
to neat cellulose (XRD), consistent with increased structural
disorder without introducing PU-like crystalline features.

Optically, the liposome-cellulose films (CLM) maintained vis-
ible transparency between that of PU and neat cellulose while
delivering strong ultraviolet attenuation (300-400nm), slightly
surpassing the cellulose control and far outperforming PU; after
short water immersion, the spectral shape was preserved, indi-
cating no optical damage.

Contact-angle kinetics positioned CLM between hydrophobic
PU and highly hydrophilic cellulose, evidencing controlled fluid
uptake suitable for a moist, non-occlusive interface.

Thermogravimetry showed an increased peak degradation
temperature for CLM (416.4°C) versus cellulose (400.5°C) with
only a modest decrease in onset (~ 5 C), indicating strength-
ened thermal response without loss of integrity. Under uniaxial
tension, CLM reached its best performance at 50°C (strength
~286.4MPa; modulus ~15.83GPa), surpassing neat cellulose
and approaching benchmarks for high-performance nanocellu-
lose films.

Taken together, CLM combines UV shielding, tunable wetta-
bility, and enhanced thermo-mechanical performance in a re-
newable platform, advancing a credible bio-based alternative to
polyurethane dressings for newly tattooed skin.

As limitations of this study, further validation is required to
support skin-contact applicability beyond materials perfor-
mance, including: (i) quantitative vitamin A/E release kinet-
ics under relevant aqueous/sweat-mimicking conditions; (ii)
in vitro cytocompatibility using appropriate skin-relevant cell
models; and (iii) irritation/sensitization assessment appropriate
for topical contact. In addition, functional performance under
realistic use conditions should be verified (adhesion and wear
under sweat/UV/rubbing), together with antimicrobial screen-
ing and, where applicable, in vivo evaluation to confirm safety
and efficacy.
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