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Sporopollenin material, derived from pollen grains, provides a natural and sustainable platform for applications
in advanced materials, controlled drug delivery, and surface engineering due to its exceptional structural
robustness and chemical stability. However, its inert surface chemistry limits biological interactions, requiring
controlled surface modification to enhance biointerface performance. This study presents a clean photochemical
strategy for reconfiguring the surface of sporopollenin biopolymer, thereby improving its biocompatibility and
cellular adhesion. Seven sporopollenin microcapsules (SMCs) of varying sizes (12.5-36.3 pm), purified from bee
pollen pellets, were exposed to ultraviolet-C (UV-C) irradiation. Characterization by water contact angle, atomic
force microscopy (AFM), Fourier-transform infrared spectroscopy (FTIR), and X-ray photoelectron spectroscopy
(XPS) revealed pronounced surface oxidation (O/C ratio increase of up to 78 %) and enrichment in polar
functional groups (hydroxyl, carbonyl, and carboxyl), without compromising structural integrity. These modi-
fications induced superhydrophilicity and enhanced cell interaction. Biocompatibility testing using Vero normal
cells confirmed SMCs’ safety (Glso > 700 pg/mL), while 2,2-diphenyl-1-picrylhydrazyl (DPPH®) assays indicated
higher radical scavenging activity, correlating with surface functionalization. Notably, treated SMCs exhibited up
to 52 % higher binding to colorectal cancer cells, Caco-2, as confirmed by scanning electron microscope (SEM)
and confocal laser scanning microscopy (CLSM). Overall, this clean photochemical route effectively enhances the
interface potential of natural sporopollenin biopolymer for future drug delivery, regenerative medicine, and
tissue engineering applications.

1. Introduction and stabilizing bioactive compounds and probiotics; separation tech-

nology [2,5], which assists in removing heavy metals and environmental

Microcapsule structures, whether naturally occurring or engineered
from processable resources, have gained considerable interest across
various research fields [1,2]. These include pharmaceuticals [3], where
they are used for drug encapsulation and controlled release at specific
sites; the food industry [4], where they aid in preserving, distributing,

contaminants; and diagnostics [6], where they are utilized in sensors
and medical imaging. Among the diverse types of microcapsules
explored, bio-based systems have attracted particular attention due to
their sustainability and compatibility with biological applications.

The value of bio-based microcapsules for sustainability and bio-
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related applications lies in the abundant availability of biomaterials,
often sourced from nature or even as biomass residues [7]. The extensive
range of possible processing approaches, coupled with the versatility of
their chemical composition, positions these materials as an obvious and
advantageous choice [3,8]. While the specific characteristics of ideal
bio-based microcapsules vary according to the intended application,
certain fundamental requirements should be met, especially for prac-
tices involving biological systems [9]. These requirements include
biocompatibility, signifying the material’s ability to elicit an appro-
priate host response in a given application; biomechanical stability,
ensuring resilience against various mechanical stresses during process-
ing and application; bioactivity, referring to the capacity to form a
chemical or physiological bond with body tissues; green processing,
avoiding harsh organic solvents throughout processing, production, and
functionalization steps; and a commitment to using environmentally
safe and sustainable raw materials for commercial viability [10-12]. In
efforts to design materials that satisfy these criteria, several biological
origin polymers have been explored as promising building blocks for
microcapsule fabrication.

Microcapsules derived from amino acid chains (e.g., collagen,
elastin), sugar chains (e.g., alginate, cellulose), and nucleotide chains
(DNA, RNA) possess the potential to meet all or most of the aforemen-
tioned requirements [13,14]. However, the construction of such mi-
crocapsules may involve a protracted and intricate process, requiring
sophisticated equipment. Furthermore, the resultant products may lack
uniform size distribution and long-term mechanical stability [15]. To
address these challenges, pollen grains, serving as natural microcap-
sules, have emerged as promising candidates. Pollen-based micro-
carriers, originally designed by nature for the transport of plant
reproductive material, boast well-adapted molecular wall designs
developed over millions of years of evolution [3]. The pollen grain wall
comprises two fundamental layers: the outer wall (exine), composed of
sporopollenin, a highly cross-linked biopolymer featuring aliphatic
chains linked to aromatic moieties, conjugated phenols, and aliphatic
alcohols, and the inner wall (intine), composed of cellulose and pectin
[2,16].

SMCs exhibit an array of functional properties, including mechanical
robustness, biocompatibility, chemical inertness, a spacious internal
cavity, species-specific size monodispersity, unique surface architecture,
and nanochannels along with apertures, making them excellent plat-
forms for loading and releasing functional therapeutics [2,3,15,16].
Notably, the production of SMCs does not require complex methodolo-
gies or devices to achieve desired morphological features, and their
purification can be accomplished through a simple chemical method
[16,17]. Using sustainable biomasses such as bee pollen pellets or direct
plant pollen as raw sources enhances the eco-friendliness of SMCs.
Herein, we opted for bee pollen pellets as a raw source, drawn by several
potential advantages. For example, each bee pollen pellet (with an
average diameter of 3-5 mm and a weight of 15 mg (fresh) comprises
pollen grains originating from a single plant species, ensuring a uniform
source [3,18]. The availability of these pellets from a single point,
typically a hive or apiary, facilitates rapid and convenient collection
[19,20]. Further, bee pollen has been recognized throughout history as a
valuable food and remedy, and today, it is commercially available in
markets either in its raw form or as a significant component of functional
foods, thanks to its high protein and carbohydrate content and associ-
ated health benefits [21].

Despite the numerous opportunities presented by SMCs in bulk, there
is a need for modifications to extend their utility beyond specific ap-
plications. A key aspect requiring attention is the surface characteristics,
as SMCs predominantly exhibit hydrophobic behavior [8,9], a charac-
teristic that can limit their application versatility. Considering that a
significant number of biological reactions take place at surfaces and
interfaces, factors such as the chemical structure of the material, surface
topography, roughness, and hydrophilicity play crucial roles in deter-
mining compatibility with host cells [12,22].
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Even though numerous studies described the optimization of the
surface and chemical properties of SMCs in environmental remediation
applications [2,23,24], the exploration of their potential cellular
tailoring is rather limited. To enhance surface wettability and conse-
quently cellular adhesion, Tan et al. [8] demonstrated that UV-ozone
treatment of natural pollen grains from Camellia sinensis increased the
surface elemental oxygen and ketone ratio, resulting in improved par-
ticle dispersibility and enhanced cellular adhesion. Another study [16]
noted that SMCs from Lycopodium clavatum increased hydrophilicity
through a reduction in phosphoric acid treatment temperature from
160 °C to 60 °C, following acetone and potassium hydroxide treatment
during purification. Similar findings were reported by Li et al. [25] for
pine SMCs, achieved through sodium hydroxide treatment at 80 °C after
the phosphoric acid step. However, these studies fall short of providing
specific cellular applications for surface-modified microcapsules, leav-
ing a gap in understanding the mechanisms and potential interactions
between SMCs and cells/biological tissues. Another way of exploration
in surface modification involves coating with biopolymers. Zhou et al.
[9] showed that coating Helianthus annuus SMCs with poly-L-lysine
hydrobromide and poly-L-glutamic acid sodium salt, using the layer-
by-layer technique, increased wetting and improved particle/cell
adhesion. It is crucial to acknowledge, however, that coating techniques
may come with a drawback, long-term instability of the created layer
and observed delamination due to a mismatch between the mechanical
properties of the biopolymer substrate and the created layer [11].

Hence, physical surface modification applications present a viable
alternative. Herein, we introduced UV-C irradiation, for the first time, to
modify the surfaces of SMCs exhibiting various morphological charac-
teristics sourced from bee pollen pellets. UV-C irradiation, as an alter-
native to harsh chemicals, has previously been explored for modifying
the surfaces of certain biopolymeric and synthetic-based materials
[22,26-28]. A distinctive feature of this method is its selectivity, tar-
geting only the top surface of microcapsules [11]. Furthermore, UV-C
irradiation thus emerges as a robust and sustainable functionalization
strategy due to its solvent-free operation, energy efficiency, and absence
of chemical initiators [11,27]. Consequently, a majority of the bio-
polymeric structures remain unaltered, preserving their surface topog-
raphy, size, mechanical properties, and degradation profiles.

Comprehending the surface chemistry of SMCs, fine-tuning their
properties, and unravelling potential mechanisms are essential for
maximizing their effectiveness and biocompatibility. Therefore, we
directed our focus toward two key aspects: i) extracting SMCs with
diverse sizes and surface architectures sourced from bee pollen pellets,
while customizing the surface hydrophilicity to establish functionality,
and ii) assessing the biocompatibility of SMCs through an in vitro cyto-
toxicity test, exploring the specific interactions of SMCs with biological
elements such as cancer cells.

2. Materials and methods
2.1. Chemicals and materials

Orthophosphoric acid (85 % aqueous solution), hydrochloric acid
(analytical reagent grade), sodium hydroxide (analytical reagent grade),
disodium hydrogen phosphate (analytical reagent grade), monop-
otassium phosphate, ethanol (absolute, >99.8 %), methanol (HPLC
grade, >99.8 %), acetone (analytical reagent grade, >99.8 %), and
diethyl ether (analytical reagent grade, >99.5 %) were purchased from
Fisher Scientific (Pittsburgh, PA, USA). Sodium chloride (ACS grade)
and potassium chloride (ACS grade) were purchased from Panreac
Applichem (Barcelona, Spain). DPPH, formaldehyde, and glutaralde-
hyde were acquired from Sigma-Aldrich (St. Louis, MO, USA). Epi-
fluorescence mounting medium containing  4-6-diamidino-2-
phenylindole (DAPI) was purchased from Vector Laboratories, Inc. (CA,
USA). While Dulbecco’s Modified Eagle Medium (DMEM) was pur-
chased from PAN-Biotech (Aidenbach, Germany), Roswell Park
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Memorial Institute (RPMI) 1640 medium was purchased from Corning,
Inc. (NY, USA). Triton-X100 and phalloidin were purchased from Invi-
trogen (Thermo Fisher Scientific, MA, USA). Water was treated using a
Milli-Q water purification system (TGI Pure System, TX, USA).

2.2. Sample collection and preparation

In our prior investigation, we provided a comprehensive account of
the bee pollen collection, processing, purification, and plant species
identification processes [19,20]. In summary, the bee pollen samples
were gathered from Apis mellifera iberiensis hives located in Braganca,
Portugal, in 2022. The collected bee pollen pellets, obtained using a
pollen trap, underwent an initial cleaning phase to remove wood resi-
dues and dead bee parts. Subsequently, under the scrutiny of a light
microscope (Nikon Microphot-FXA, Nikon Co., Tokyo, Japan), the bee
pollen samples were meticulously examined to identify specific pollen
pellets of interest. These identified pellets were then separated by color.
After this initial separation, a palynological analysis was conducted to
unveil the botanical origins of each bee pollen pellet, separated by color,
and ascertain their purity. The samples were stored at —22 °C until the
time of further analysis.

2.3. Defatting of bee pollen pellets and purification of SMCs

Initially, 50 g of bee pollen was placed in a round-bottom flask and
underwent reflux in 400 mL of acetone at 50 °C with agitation at 220
rpm for 3 h, Fig. 1 [16]. The supernatant was then decanted, and the
samples were thoroughly washed with 400 mL of warm water at 50 °C,
maintaining agitation at 220 rpm for 1 h; this washing step was repeated
twice. Subsequently, the resulting sample was subjected to another
round of reflux in 400 mL of acetone at 50 °C with agitation at 220 rpm

1. Defatting of pollen 2. Purification of SMCs
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for 3 h. After removing the acetone, the sample was air-dried for 12 h in
a fume hood. Next, the dry sample was stirred in 400 mL of diethyl ether
at room temperature with agitation at 300 rpm for 2 h, and this stirring
step was repeated twice. The sample was further washed with 400 mL of
fresh diethyl ether at room temperature, using a magnetic stirrer for 12
h. After each supernatant removal, pollen particles were collected using
an oil-free vacuum pump (Rocker 400, Rocker Scientific Co., Ltd., New
Taipei City, Taiwan), passing the solution through a glass filter with a
diameter of $5-11 pm. The sample was then dried in a fume hood for an
additional 12 h.

Defatted pollen grains were subjected to acidolysis in 400 mL of
phosphoric acid (70 °C, 250 rpm) for 8 h as described elsewhere [17].
Post-acidolysis, the SMCs were subjected to a series of 400 mL washing
steps at 50 °C, including water, acetone, 2 M hydrochloric acid, 2 M
sodium hydroxide, and ethanol. SMCs were collected by vacuum
filtration after each washing step. Samples were transferred to a glass
Petri dish and dried in an oven (Memmert UNE400, Schwabach, Ger-
many) at 45 °C for 3 days. The dried SMCs were then stored in a dry
ambient at room temperature.

2.4. Applied procedures for surface change of SMCs

2.4.1. UV-C irradiation treatment

SMCs were irradiated at room temperature within a UV-ABC cabinet
(UV-Consulting Peschl Espana S.L., Geldo, Spain) using a low-pressure
mercury lamp (PUV LD450) at a wavelength of 254 nm [22]. The
samples were exposed for 24 h, positioned 10 cm from the light source.
The radiation intensity was 3.20 J/cm?, and the temperature reached a
maximum of 28 °C during the treatment. The dose of incident radiation
during 1 h of exposure was 3.17 W/cm?.

3. A series of washes 4. Surface functionalization
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Fig. 1. Schematic diagram illustrating surface modification of natural SMCs by UV-C irradiation following defatting, acidolysis, and washing of bee pollen pellets,

resulting in enhanced wetting properties.
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2.4.2. Alkaline treatment

The dry SMCs were subjected to an alkaline solution according to a
method previously reported elsewhere [25]. Approximately 2 g SMCs
were refluxed in 20 mL of 2 M sodium hydroxide (80 °C, 200 rpm) for 4
h. After, the samples were washed with ethanol until a colorless filtrate
was obtained and dried in an oven at 45 °C for 3 days.

2.5. Contact angle measurement

Contact angle measurements were performed on untreated SMCs as
well as those treated with UV-C irradiation. To facilitate the measure-
ments, a glass slide was prepared with double-sided adhesive tape, and a
thin layer of SMCs was evenly spread on the tape’s top surface [8]. A
drop of water (3 pL, at room temperature) was delicately dropped onto
the surface of the samples. Contact angles were then measured through
filming and photography using an Attension ThetaOptical Tensiometer
(Biolin Scientific, Gothenburg, Sweden) equipped with the OneAtten-
sion software.

2.6. AFM analysis

AFM was employed for nanoscale surface visualization and surface
roughness calculation of the samples. Samples were fixed to a flat mica
surface using a commercially available brand of nail polish (Golden
Rose, Istanbul, Turkey) based on nitrocellulose and polyvinyl butyral
resin. AFM imaging was carried out at room temperature in tapping
mode using an AFM model TT-AFM (AFM Workshop, SC, USA) instru-
ment, equipped with a nominal tip radius of < 10 nm (ACT, AppNano,
CA, USA), with a resonance frequency of around 300 kHz. Images were
preprocessed using Gwyddion 2.4 software.

2.7. FTIR spectroscopy

FTIR measurements were conducted using the Summit X FTIR
Spectrometer (Thermo Scientific Corp., MA, USA), which was equipped
with a monolithic diamond crystal attenuated total reflection (ATR)
accessory. Reflectance infrared spectra were obtained at a spectral res-
olution of 4 cm™!, with 64 scans performed per measurement spanning
the range from 4000 to 600 cm L. Background spectra were collected
before reading the sample. The data were processed using the OMNIC
Paradigm Desktop Software (Thermo Scientific Corp.).

2.8. XPS spectroscopy

XPS was used to characterise the surface chemistry of SMCs and UV-
C-treated SMCs. XPS was performed using a K-Alpha system (Thermo
Fisher Scientific, MA, US) equipped with a monochromatic Al Ka source
(1486.6 eV). The X-ray source was oriented at a 60° angle relative to the
sample surface normal, and spectra were acquired in constant analyzer
energy mode. Charge compensation was applied using a dual low-energy
electron and ion flood gun system, angled at 58° from the sample
normal. Survey and high-resolution spectra were collected to determine
elemental composition and chemical states.

2.9. Reaction of SMCs with DPPH®

A specific volume of a 60 uM DPPH® methanol solution was added to
achieve a concentration of 0.3 mg/mL with 10 mg of untreated and UV-
C-treated SMCs, following the literature [29]. To ensure the dispersion
of individual SMCs in the DPPH® solution, samples underwent vortexing
for 3 min, followed by 2 min of ultrasound application. Subsequently,
the samples were placed in a dark environment at room temperature for
30 min. Post-incubation, SMCs were separated from the solution using a
0.22 ym membrane filter. Spectrophotometric data were collected by
using a UV/Vis spectrophotometer (Zuzi 4255/50, Auxilab Co., Navarra,
Spain) in the 200-900 nm wavelength region and processed through the
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UV/Vis Analyst software (Auxilab Co., Navarra, Spain).
2.10. Biocompatibility and cancer cell adhesion studies of SMCs

The biocompatibility of untreated and UV-C-treated SMCs was
assessed through the sulforhodamine B assay using the kidney of the
Vero, a non-tumor cell line. The cell line was obtained from the Euro-
pean Collection of Authenticated Cell Cultures (ECCAC). Cells were
cultured in DMEM containing heat-inactivated fetal bovine serum (10
%), glutamine (2 mM), penicillin (100 U/mL), and streptomycin (100
pg/mL) at 37 °C with humidified air and 5 % CO,. Adherent cell cultures
were treated with trypsin for cell detachment and dispersal before the
assays. Each cell line, prepared at a density of 1.0 x 10* cells/well in 48-
well plates, was incubated for 24 h to ensure attachment. Sample con-
centrations ranging from 0.125 to 8 mg/mL in water were added and
incubated for an additional 48 h. Dose-response curves were generated
and used to calculate growth inhibition 50 (GIs) values (pg/mL), rep-
resenting the concentration inhibiting 50 % of cell growth. Each sample
was tested in two independent experiments, with each experiment
performed in duplicate.

The investigation into cell binding in untreated and UV-C-treated
SMCs involved the use of the human colorectal adenocarcinoma cell
line — Caco-2. The cell line was obtained from the ECCAC. To achieve
sterilization, SMCs samples underwent incubation in diethyl ether and
subsequent drying to a stable weight in a vacuum oven at 25 °C.
Cultured cells (200,000 cells per well) in RPMI 1640 medium containing
10 % fetal bovine serum, 2 mM glutamine, 100 U/mL penicillin, and
100 pg/mL streptomycin were directly grown on coverslips within a 6-
well tissue culture plate, maintaining a temperature of 37 °C and 5 %
COq. The incubation period of 24 h was allowed for cells to adhere to
coverslips. The culture medium was replaced with 2 mL of fresh culture
medium containing approximately 50,000 particles (~1.6 mg of SMCs),
initiating another 24 h of incubation for subsequent analysis of cell in-
teractions with the introduced SMCs samples. Following incubation,
samples underwent a gentle 3 times washing, each lasting 3 min, with 3
mL of 1 x phosphate-buffered saline (PBS) at 37 °C. Subsequently, cells
were stained for actin filaments and nuclei using phalloidin and DAPI,
respectively. To initiate this process, 3 mL of 3.7 % formaldehyde was
added to fix the cells on the coverslip and incubated for 7 min. The fixed
cells were then washed 3 times (each for 3 min) with 1 x PBS. To per-
meabilize the cells, a solution of 0.1 % Triton-X100 in 1 x PBS was
applied and left to incubate for 5 min, followed by another 3 times
washing (each for 3 min) with 1 x PBS. Next, the cells were incubated in
a phalloidin solution (1:100) for 30 min at room temperature and
washed twice (each for 3 min) with 1 x PBS at the end of the incubation
period. Finally, a drop of antifade mounting medium containing DAPI
was applied to the microscope slide, and the coverslip with the sample
was positioned on the slide and examined under the confocal
microscope.

2.11. Imaging analyses

Changes in the surface structure of samples were examined using a
SEM, FEI Quanta 400 FEG ESEM/EDAX Genesis X4M instrument (FEI
Inc., OR, USA) with a 15.00 kV acceleration voltage, employing various
magnifications. To capture images, samples were spread on conductive
carbon tapes and coated with Au/Pd using a sputter coater (SPI Module
Sputter Coater, PA, US) at 15 mA for 100 s. For the cell study, SMCs/cells
underwent fixation with glutaraldehyde (4 %, 40 min), followed by
three washes with 1 x PBS (5 min each). Subsequently, a sequential
ethanol dehydration process (ethanol 25 %, 50 %, 75 %, 95 %, 100 % for
20 min each) was carried out, followed by freezing at —80 °C for 12 h
and freeze-drying for 24 h.

CLSM was used for visualizing both the samples (inherently auto-
fluorescent) and the cells. SMCs samples were spread on a glass slide
with a drop of epifluorescence mounting medium containing DAPI, and
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mounted with a coverslip. LSM 510 META with a Zeiss Axio Imager Z1
(Carl Zeiss, Jena, Germany) and the LSM 510 software (version 4.0 SP2)
were used to acquire confocal images. The same settings were applied to
all images for results normalization. The lasers used were argon (488
nm) set at 13 %, helium-neon (543 nm) set at approximately 51 %, and
diode (405 nm) set at approximately 39 %. The pinhole was set to 96 mm
(1.02 airy units) for the argon laser, 102 mm (0.98 airy units) for the
helium-neon laser, and 112 mm for the diode laser using a 63 x
objective. Images were captured at a scan speed of 6 or 8 with 1 pym thick
z-sections, deconvolutioned using the three-dimensional (3D) decon-
volution tool of the AutoQuant X3 software (Media Cybernetics Inc.,
MD, US), and processed in TIFF images with ImageJ (1.47v).

2.12. Statistical analysis

Data analysis was performed using GraphPad Prism version 9.5.1
(San Diego, CA, USA). The two-tailed t-test was employed for compar-
isons between two groups, while one-way ANOVA with post hoc Tukey
test was utilized for comparisons among three or more groups. Signifi-
cance levels of the p-value are denoted as follows: 0.01 to 0.05 (*), 0.001
to 0.01 (**), and < 0.001 (***). Values are presented as mean + stan-
dard error.

3. Results and discussion
3.1. Extraction of SMCs from bee pollen pellets

Solvent extraction with acetone, water, and diethyl ether effectively
removed residues, including the pollenkitt, which forms the oily layer on
top of the exine wall. This process produced discrete particles, as shown
in Fig. 1. Defatting, acidolysis, and successive washing steps produced
hollow and clean SMCs, as shown in the SEM images, Fig. S1. This
method sufficiently removed cellular material from all pollen species.
Importantly, the extraction process preserved the 3D shape of the pollen
grains, maintaining their intact structure and surface morphology.
Another observation was that apertures in the pollen wall opened after
acid treatment. These areas typically have an inner layer called the
intine. The acid entering the pollen’s inner cavity creates internal
pressure, eventually causing the pollen wall to break in the areas with
apertures. The very thin or absent exine layer in these regions is
considered the primary factor responsible for this phenomenon [16].

3.2. Hydrophilicity modulation and surface topography

Hydrophobic micro or nanospheres are well suited for stabilizing
molecules with limited water affinity; however, biological compatibility
generally depends on hydrophilic components, which facilitate cell
adhesion and enhance tissue residence time [30]. There are various
strategies, including radiation, to convert hydrophobic structures into
hydrophilic ones. Among the various radiation-based surface modifica-
tion strategies, UV-C treatment stands out as a dry, efficient, and cost-
effective approach applicable across industrial and biological fields.
UV-C induced surface modification has been widely investigated for its
ability to alter material properties, with applications ranging from sur-
face disinfection of packaging materials to biomaterial functionalization
[11,27,28,31]. In the context of biomaterials, UV-C irradiation can
modify surface characteristics, enhancing properties such as wettability,
roughness, and chemical reactivity [22]. We hypothesize that UV-C
irradiation treatment could significantly alter the surface properties of
SMCs, particularly in their outer wall (exine), where UV absorption
predominantly occurs. In addition to modifying the surface chemistry of
the SMCs using UV-C treatment, we also explored the use of 2 M sodium
hydroxide to improve water wettability and to compare the effects of
both treatments.

The surface chemistry of SMCs is recognized for its amphiphilic
behavior [8], yet most reports describe them as hydrophobic [9,16,25].
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In Fig. 2 and Fig. S2 of the Supplementary Information, we presented
time-dependent water contact angle measurements (at intervals of 0, 1,
3, and 5 min) for seven distinct types of untreated and UV-C-treated
SMCs, and included optical microscope images illustrating time-
dependent water droplets for all samples. The findings showed the hy-
drophobic nature of all untreated samples, except for the Hel type of
SMCs, as evidenced in the fifth-minute measurement, Figs. 2a-2d. As
seen in the micrographs of the Cas type SMCs in Fig. 2e, the water
contact angle exhibited minimal variation over time, and other samples
without treatment showed a similar trend. Statistically significant dif-
ferences (p < 0.05) were observed between UV-C-treated and untreated
SMCs, except for the Cas and Jasi samples at the initial time point. The
UV-C-treated SMCs exhibited superhydrophilic behavior within the first
minute, showing almost no measurable contact angle by the third and
fifth minutes. As illustrated in Figs. 2e and 2f, micrographs taken after
the first minute show clear differences between UV-C-treated and un-
treated SMCs, with the effects of irradiation visibly distinguishable.
Moreover, none of the SMC samples treated with sodium hydroxide
exhibited significant wettability toward water, Fig. S3. A previous study
has reported that the carboxyl groups of SMCs derived from pine pollen
become deprotonated under alkaline conditions, resulting in super-
hydrophilicity [25]. Although these findings suggested that the sporo-
pollenin biopolymer contributes to hydrophilic behavior, they primarily
attributed this property to the presence of the intine layer, which is
composed mostly of cellulose and pectin. It is important to clarify that
the intine layer is not part of the sporopollenin biopolymer. In our study,
time-dependent water contact angle measurements of seven different
SMC types after alkali treatment did not show comparable hydrophilic
behavior. This suggests that sodium hydroxide treatment did not alter
the inherent chemical inertness of our SMCs. Therefore, we limited our
focus to UV-C-treated SMCs for further investigation.

Surface roughness is seen as a physical parameter that can have a
significant impact on changing the wettability of materials [22]. To
evaluate whether the superhydrophilicity observed in UV-C-treated
SMCs is influenced by surface roughness, we employed AFM, a highly
sensitive technique for characterizing surface topography at the micro
and nanometer scale, and compared the results with those of untreated
SMCs. To complement this analysis, SEM was used to evaluate the
overall morphology and microstructural surface features of the SMCs.

As demonstrated by SEM and AFM imaging, Figs. 3a and 3b. UV-C
treatment did not induce significant modifications in the overall sur-
face architecture of SMCs. However, minor morphological changes were
observed in some treated SMCs. Nanoscale modifications were more
pronounced in the rugulate Cas, perforated Ech, and microechinate Hel
type SMCs, as revealed by both SEM and AFM analyses. These obser-
vations were further supported by AFM-based surface roughness mea-
surements, which indicated nanoscale differences between untreated
and UV-C-treated SMCs, Fig. 3c. Despite these variations, none of the
observed changes in surface roughness were statistically significant (p <
0.05). Additionally, surface variations in micro- and nano-scale imaging
may partly result from the inherent non-uniformity of SMC surface ar-
chitecture. Tapping mode-based roughness analysis revealed that Cis
SMCs exhibited the highest surface roughness, measured at ~ 60 + 5
nm, which decreased to ~ 54 + 5 nm after UV-C treatment. Conversely,
Cas type SMCs displayed the lowest roughness, with an initial value of ~
26 + 5 nm, decreasing to ~ 16 + 3 nm following 24 h of UV-C treat-
ment. Apart from Ama type SMCs, surface roughness generally increased
with increasing SMCs size (ranging from 12.5 + 0.1 ym to 36.3 £ 0.1
pm), while UV-C treatment resulted in a smoother surface. Furthermore,
SEM micrographs confirmed that UV-C irradiation did not alter the
overall 3D microstructure of the SMCs, Fig. S4.

The effects observed in this work align with previous findings on UV-
induced surface activation of both synthetic and biologically derived
polymers. It has been reported that UV-C treatment enhances the water
affinity of biopolymers, including collagen/elastin [22], starch [11],
polylactic acid [27], chitosan, and silk fibroin [26], in some cases
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accompanied by a reduction in surface roughness and improved inter-
action with biological materials [22,26]. Water contact angle mea-
surements confirmed that SMCs became superhydrophilic following UV-
C irradiation. However, AFM and SEM analyses revealed that nanoscale
surface changes were insufficient to explain this behavior, pointing
instead to underlying chemical modifications as the primary cause.

3.3. UVirradiation causes structural changes in SMCs by altering surface
chemistry

Following the evaluation of water contact angles, SEM analysis, 3D
nano mapping, and surface roughness measurements, we performed
FTIR and XPS analyses to understand the impact of the applied UV-C
treatment on the surface chemical structure of SMCs, thereby eluci-
dating the mechanisms underlying their enhanced affinity for water.
Sporopollenin, a highly resistant biopolymer, contains phenolic com-
pounds such as p-coumaric acid and ferulic acid, which contribute to its
structural integrity through cross-links with aliphatic chains [32,33].
These phenolic compounds also enable longer wavelengths of UV-A and
UV-B absorption via their aromatic rings, protecting the material from
photodegradation [34]. However, UV-C irradiation, characterized by its
short wavelength and high energy, has the potential to break chemical
bonds and induce molecular modifications [22].

The XPS data reveal some changes in elemental composition and
carbon/oxygen bonding states across all seven SMCs types, providing a
clear chemical basis for the observed wettability shift. The XPS high-
resolution spectra of C and O, Fig. 4, demonstrate an increase in sur-
face oxygen content and a corresponding decrease in carbon content
after UV-C treatment. The oxygen-to-carbon (O/C) ratio increased
significantly in all SMCs, confirming extensive surface oxidation Fig. 4a
and Table S1. The lowest change in the O/C ratio was from 0.17 to 0.21
in the Ech type SMCs (24.5 % increase), and the highest change was from
0.15 to 0.27 in the Pap type SMCs (78.5 % increase). This overall in-
crease in surface oxygen concentration is the primary indicator of
oxidative modification induced by prolonged UV-C exposure, which
creates a more polar surface [8]. UV-C irradiation, with its high photon
energy, is known to break C-C and C-H bonds, leading to the formation
of radicals that react with ambient oxygen or moisture to generate hy-
droxyl, carbonyl, and carboxyl groups [31].

The high-resolution Cls spectra supported this transformation,

Fig. 4b and Table S2. A consistent reduction in the relative proportion of
non-polar hydrocarbon C-C/C-H bonds (284.8 eV) was observed across
all SMCs. For instance, this component decreased from 77 % to 64 %
(—14 %) in Hel type SMCs and from 75 % to 67 % (—8%) in Ama type
SMCs. At the same time, the relative intensities of oxygenated carbon
species increased. Notably, the indicative of hydroxyl or ether (C-O,
~286 eV) formation increased significantly in samples, such as Pap type
SMCs (13 % to 20 %, +7%), Hel type SMCs (11 % to 20 %, +9%), and
Cas type SMCs (11 % to 15 %, +4%). In addition, the C=0 (carbonyl,
286.9 —-287.4 eV) and O-C—=0 (carboxyl/ester, 288.2-288.6 eV) groups
showed meaningful increases, particularly in Ama, Hel and Cis type
SMCs. The formation of these oxygen-containing groups enhances the
hydrophilic character of the surface, facilitating water spreading and
absorption [26]. Similar findings have been previously reported with a
decrease in atomic carbon concentration and a corresponding increase
in oxygen concentration following UV-ozone treatment of Camellia
sinensis pollen [8].

The O1ls spectra further confirm and provide further insight into
these modifications, Fig. 4c and Table S3. Carbonyl oxygen (C=O,
531.2-531.6 eV) proportions generally remained high or increased
slightly, such as Ech type SMCs (55 % to 62 %), Pap type SMCs (55 % to
62 %), Ama type SMCs (49 % to 61 %), Hel type SMCs (52 % to 65 %),
and Cis type SMCs (59 % to 64 %), consistent with Cls data showing
stable or increased carbonyl presence in several SMCs. Simultaneously,
the proportion of carboxyl/oxygen in esters (O-C=0, ~530.0-531.3
eV) species increased notably in Cas type SMCs (6 % to 14 %) and Pap
type SMCs (6 % to 13 %), indicating the formation of carboxylic acid or
ester groups. Although hydroxyl/ether oxygen (C-OH, 532.5-532.9 eV)
bonds were decreased significantly in some samples (e.g., Cas, Ech, Pap,
and Hel type SMCs), this could likely be due to further oxidation of
hydroxyl groups into more oxidized species, rather than a reduction in
surface polarity. The general trend across C1s (increase in C-O) suggests
new hydroxyl formation.

Sample-by-sample analysis shows that the extent of oxidation and
polar group formation varied depending on the plant origin of the
sporopollenin. The most pronounced chemical changes were observed in
Ama, Pap, and Hel type SMCs, which also exhibited the highest increases
in oxygen content and polar functionalities. For example, Ama type
SMCs had a reduction in C—-C/C-H from 75 % to 67 %, with a concurrent
rise in O-C=0 from 5 % to 10 % and in C=O0 from 4 % to 6 %. Such
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modifications support the enhanced surface wettability and super-
hydrophilicity [8,25,27]. In summary, UV-C irradiation effectively
altered the surface chemistry of all SMCs by introducing a greater den-
sity of polar oxygen-containing groups, such as hydroxyl, carbonyl, and
carboxyl functionalities, while reducing nonpolar hydrocarbon content.
These surface transformations increased the affinity for water, ac-
counting for the observed transition from hydrophobicity to super-
hydrophilicity [22,26,35].

Moreover, the differences in surface chemistry observed between
untreated and UV-C-treated SMCs can be attributed to the inherent
chemical and structural heterogeneity of sporopollenin biopolymer from
different plant species [33]. Sporopollenin is not a uniform biopolymer

but a complex, cross-linked network derived from varying proportions of
precursors (carotenoids, phenylpropanoids like p-coumaric acid, fatty
acids) across plant species [32]. Differences in monomer ratios
(aliphatic vs. phenolic) and cross-linking types (ether, ester, and acetal)
can dictate the initial surface composition as probed by XPS [33]. For
instance, Cas and Hel exhibit higher aliphatic (C-C/C-H) content, which
may be due to a sporopollenin structure richer in fatty acid derivatives,
while Cis and Jas may be composed of a biopolymeric backbone richer in
phenolic precursors due to the higher O/C ratio, Table S1, S2 and S3.
The variability within the C-O bonds also allows us to conclude that
ether bonds are the most characteristic for all the pollen sporopollenin
structures; however, Jas and Pap pollens stand out as biopolymers rich
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in acetal bonds, while Ama, Ech, and Hel exhibit higher frequency in
ester bonds. Variations in exine structure (thickness, density, nano-
porosity) [8] and potential internal chemical gradients influence the
effective surface chemistry sensed by XPS (~10 nm depth). Surface
roughness and nanoscale features can subtly alter spectral intensities.

Sporopollenin can also retain biomolecule residues (proteins, lipids,
metabolites) [19] or inorganic impurities (e.g., silica) from the pollen
grain or isolation process [8]. Traces of purification chemicals may also
persist differently depending on the SMC’s surface chemistry. Addi-
tionally, SMCs may have a species-specific response to UV-C irradiation
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[32]. Sporopollenin richer in oxidizable phenolic groups may follow
different radical reaction pathways and form different oxidized products
(e.g., alcohols vs. carboxylic acids) compared to more aliphatic types,
explaining variations in functional group evolution [8]. Consequently,
the baseline surface chemistry and its specific evolution under UV-C
treatment are inherently species-dependent, explaining the variations
in XPS results despite the universal presence of sporopollenin and its
core oxidative response.

ATR-FTIR was employed to investigate general and surface chemical
changes in the SMCs induced by UV-C irradiation. Depending on the
wavelength and angle of incidence, infrared radiation penetrates the
material from approximately 0.5 pm to over 5 pm and can therefore
reach from the outer shell of the SMCs to its inner cavity [8]. As a result,
detecting structural changes limited to the topmost surface layer of the
SMCs may be challenging. Nevertheless, FTIR was used to provide an
overall chemical analysis of the SMCs and served as a complementary
technique to the surface sensitive XPS analysis.

The spectra of both untreated and UV-C-treated SMCs, Fig. 5,
revealed consistent and distinct shifts, confirming the formation of new
functional groups and providing supporting evidence for the XPS find-
ings. A broad band around ~ 3370 cm ™! attributed to O-H stretching
vibrations [32] remained constant or slightly decreased in intensity
across all UV-C-treated samples. This confirmed a reduction in hydroxyl
(OH) groups, consistent with the general decreasing trend in C-OH
signals in the XPS Ols spectra. Similarly, decreased intensities of the
aliphatic C-H stretching bands [19] at 2924 cm™! (asymmetric CHy/
CH3) and 2854 cm ! (symmetric CHy) indicated a loss of hydrophobic
hydrocarbon content, reinforcing XPS observations of reduced C-C/C-H
bonds. A prominent increase in the intensity of the — 1704 cm™! band,
particularly in Jasi, Pap, Ama, Hel, and Cis type SMCs, corresponds to
enhanced C=0 stretching of carboxylic acids or esters, confirming the
formation of hydrophilic acidic groups. This aligns with XPS results
showing notable increases in C=0 and O-C=0O0 signals in both the C1s
and Ols spectra, supporting a photooxidation mechanism responsible
for increased surface polarity [26]. Interestingly, the 1704 cm ™! and ~
1675 cm™! peaks, both associated with C=0 stretching vibrations,
showed varying behavior across the samples. In some SMCs, the original
1675 cm ™! peak was substantially reduced or disappeared following UV-
C treatment, while a new peak appeared at 1704 cm ™, reflecting the
same functional group vibration. These two peaks are assigned to esters
or carboxylic acids. A similar spectral shift has been reported in Camellia
sinensis pollen, indicating structural rearrangements among carbonyl
containing groups [8]. The bands at ~ 1580 ecm™! and ~ 1515 em ™2,
attributed to C=C stretching in conjugated aromatic or phenolic rings
[36], remained relatively stable or slightly decreased after UV-C expo-
sure. This suggests that the aromatic backbone of the sporopollenin
biopolymer remained largely intact despite oxidative surface modifica-
tion. Given sporopollenin biopolymer exceptional chemical stability,
particularly in its phenolic regions, these minimal changes suggest that
the core structure was preserved. The slight decrease at 1580 cm™! may
result from minor structural rearrangements. Additionally, variable in-
tensity at ~ 1432 cm ™! is attributed to O-H or CH;, bending, while the ~
834 cm™! band corresponds to aromatic C-H bending in the sporopol-
lenin backbone [16,25,32].

The general emergence of hydrophilic carbonyl and carboxylate
functionalities, coupled with a reduction in aliphatic components, pro-
vides a chemical basis for the observed transition to superhydrophilicity.
Importantly, these trends were consistent across all seven botanically
distinct SMCs, despite differences in oxidation levels. This highlights the
robustness of UV-C irradiation as an eco-friendly and effective func-
tionalization strategy for SMCs derived from diverse botanical sources,
besides aligning with principles of sustainable biomaterial processing.

3.4. Radical interaction with SMCs

The DPPH" assay is used to evaluate radical scavenging capacity and
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thus the active functionality of synthetic and natural biopolymers
[37,38]. With a distinct absorbance peak at 517 nm, the DPPH" radical
may serve as a practical and accessible probe for studying hydrogen or
electron-donating functional groups, such as hydroxyl and carboxylic
acids [39]. This assay is valuable not only for evaluating antioxidant
capacity but also for indirectly detecting newly formed or exposed
functional groups after surface modification, or for assessing the pres-
ence and antioxidant behavior of compounds incorporated into a host
material [37]. A decrease in DPPH® absorbance indicates the presence
and reactivity of such groups and their ability to participate in radical
interactions.

The DPPH" assay was used in this study to examine the presence and
accessibility of functional groups formed on SMC surfaces after UV-C
irradiation, Figs. 6a and 6b. While untreated SMCs induced only mod-
erate reductions in DPPH® absorbance, their UV-C-treated counterparts
exhibited significantly enhanced radical scavenging activity, evidenced
by greater decreases in absorbance at 517 nm. The most pronounced
activity was observed in Ama, Pap, Hel, and Cis type SMCs, whereas Cas
and Jasi type SMCs showed more modest effects. These results reflect the
underlying chemical transformations triggered by UV-C irradiation, as
confirmed by XPS analysis. UV-C treatment increased surface oxygena-
tion in all SMCs, although the extent and nature of these changes varied
by sample. For example, Ama type SMCs showed substantial increases in
surface C=0 (from 49 % to 61 %), O—-C=0 (from 5 % to 10 %), and
C-OH (from 23 % to 35 %), reflecting a reduction of 40.1 % in the DPPH*
absorbance. These oxygen containing groups, especially hydroxyl and
carboxyl moieties, are known to be highly reactive toward DPPH® via
hydrogen atom transfer. Similarly, Pap type SMCs exhibited notable
increases in C-O (from 13 % to 20 %) and O—-C=O0 (from 6 % to 13 %),
supporting their enhanced radical scavenging performance (23.2 %
reduction in DPPH® absorbance). This DPPH® scavenging mechanism of
SMCs may proceed via possibly two complementary pathways [39,40]:
i) Hydrogen atom transfer involves the donation of a hydrogen atom
(H*) from surface OH or COOH groups to neutralize the DPPH®, and ii)
single electron transfer involves the transfer of an electron from a donor
group such as a conjugated aromatic structure to DPPH®, resulting in
DPPH’, Fig. 6c¢.

UV-C irradiation appears to induce surface photooxidation, gener-
ating hydrophilic and redox-active groups such as alcohols and car-
boxylic acids. These functionalities, confirmed by both FTIR and XPS,
account for the observed increases in DPPH® reduction. Specifically,
samples with higher oxygen incorporation and reduced hydrocarbon
content (as reflected by decreased C-C/C-H signals in the C1s spectrum)
showed stronger antioxidant performance. Pap, Ama, Hel, and Cis type
SMCs exhibited the largest reductions in C-C/C-H content, consistent
with successful oxidative surface functionalization. In contrast, Cas and
Jasi type SMCs displayed relatively weak DPPH® reactivity after UV-C
exposure. For example, Cas type SMCs showed only minor increases in
oxygenated groups and even slight reductions in C~OH (from 37 % to 33
%) and C=0 (from 57 % to 53 % in the O1s), indicating limited surface
oxidation (a 15.3 % reduction in DPPH® absorbance). These samples
likely possess more aliphatic or oxidation-resistant compositions, mak-
ing them less susceptible to UV-C-induced modification.

3.5. Biocompatibility and enhanced cell adhesion of SMCs

Before assessing the interaction of SMCs with Caco-2 type cancer
cells, the biocompatibility of both untreated and UV-C-treated samples
was evaluated using Vero cells, a non-cancerous cell line commonly used
to assess the effects of materials or natural products on cell viability
[41,42]. This step was important, as chemical changes induced by UV-C
irradiation could potentially exert cytotoxic effects on normal cells. For
this purpose, Vero cells were seeded and incubated with various con-
centrations of both untreated and UV-C-treated SMCs for 48 h. The re-
sults showed that GIsg > 700 pg/mL for all SMCs types, indicating good
biocompatibility. This finding is essential for their safe application in
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drug delivery, wound healing, or other therapeutic uses.

To investigate the adhesion properties of the samples to the Caco-2
cells, the cells were first seeded and incubated for 24 h to establish a
stable monolayer. The SMCs were then added and incubated for an
additional 24 h to assess the cells’ adherence to either the untreated or
UV-C-treated SMCs. After incubation, the samples were washed to
remove poorly attached SMCs, retaining only those firmly attached. SEM
images confirmed that loosely bound SMCs were removed, while well-
attached ones remained, Fig. 7a. For example, in the SEM image of
the untreated Cas type SMCs, the detachment of loosely attached par-
ticles is evident from the surface imprint it left on the cell layer, as
indicated by the dashed line. Quantification of proportional binding
microcapsules by CLSM revealed that UV-C-treated SMCs exhibited from
3 % (Jasi) to 52 % (Cas) higher binding to Caco-2 cells compared to
untreated SMCs, Figs. 7b and 7c. This difference was statistically sig-
nificant (p < 0.05) for all SMCs types except for Jasi type SMCs. In the
CLSM images, cells are shown in red due to immunostaining with
phalloidin and DAPI, while SMCs show an overlay of color at different
wavelengths from blue to red due to autofluorescence, Fig. S5 [8]. The
images showed filamentous structures originating from the cells that
extended to and bound the SMCs. No SMCs were observed in areas
lacking cells, confirming that the microcapsules adhered specifically to
the cell surfaces. Furthermore, CLSM images showed that untreated
SMCs adhered less efficiently to the cells, and regions devoid of SMCs
binding were more frequent. Additionally, the internal structure of the
SMCs was visualized; the analysis of CLSM z-stack slices shows cells and
also SMCs in blue, green, and red channels, confirming that the gener-
ated SMCs possess a large empty internal cavity, Fig. 8a.

These results underscore that fine-tuning the surface chemistry of
SMCs via UV-C irradiation may play a critical role in enhancing cell
adhesion and may offer a significant advantage by increasing retention
time in intrabody drug delivery systems, Fig. 8b. Previous studies on the
UV light functionalization of biomaterials such as natural pollen [8],

starch [11], and collagen/elastin [22] have demonstrated that increased
cell adhesion can be attributed to the formation of polar groups on the
material surface. As noted earlier, the enrichment of SMC surfaces with
O-H, C=0, and O-C=0 groups following UV-C treatment enhances
their hydrophilicity, which supports increased binding to cancer cells. In
line with this, previous work has shown that the binding of SMCs coated
with polypeptide multilayer films composed of poly-L-lysine hydro-
bromide and poly-L-glutamic acid sodium salt to human bone marrow-
derived stem cells was improved by imparting hydrophilic surface
properties [9]. Another factor contributing to SMCs binding to Caco-2
cells may be surface morphology and roughness [43]. Although UV-C
treatment did not significantly reduce surface roughness, it did result
in smoother surfaces overall. A study by Ranella et al. [44] on fibroblast
adhesion to rough 3D silicon surfaces with varying roughness and
wettability demonstrated that cell adhesion was greater on smoother
silicon surfaces. This suggests that fibroblast adhesion is not solely
dependent on surface chemistry and that surface roughness can also play
a role.

4. Conclusion

This study demonstrates that UV-C irradiation is an efficient,
reagent-free method to overcome the intrinsic bioinertness of natural
SMCs. Controlled photochemical oxidation significantly increased sur-
face oxygenation through the introduction of polar oxygen-containing
functional groups, as confirmed by FTIR and XPS analyses. These
modifications converted the initially hydrophobic SMCs into super-
hydrophilic structures, with the water contact angle reaching 0° within
3 min. Despite these surface alterations, UV-C treatment preserved the
morphological integrity of the SMCs, as evidenced by AFM and SEM
micrographs, confirming that changes are limited to the outer surface.
Functionally, the UV-C-treated SMCs showed a 52 % increase in adhe-
sion to colorectal cancer cells, compared to untreated SMCs, improving
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Fig. 8. CLSM based visualization of the interaction between UV-C-treated SMCs and Caco-2 colorectal cancer cells, highlighting the effect of surface chemistry
modification: (a) CLSM images of UV-C-treated Ama type SMCs interacting with Caco-2 cells, shown across blue, green, and red fluorescence channels, and also z-
stack slices demonstrate the spatial distribution and depth of binding, revealing the hollow internal structure of the SMCs and their localization on or near the cell
surface, and (b) schematic representation illustrating the enhanced particle-cell adhesion observed in UV-C-treated SMCs, attributed to increased surface oxygen
content and improved hydrophilicity following UV-C exposure. CLSM scale bar = 20 pm.

surface hydrophilicity, while maintaining excellent biocompatibility
with healthy cells (GIsp > 700 pg/mL). These findings confirm that the
hydrophilicity enhancement results primarily from chemical, rather
than physical, changes on the surface. Moreover, the clean photo-
chemical nature of UV-C irradiation aligns with the principles of sus-
tainable biomaterial processing, offering an environmentally friendly
route for surface functionalization without the use of solvents or
reagents.

Collectively, this work establishes UV-C irradiation as a scalable,
controllable, and sustainable strategy to tailor the surface chemistry of
natural SMCs for biointerface applications. The enhanced hydrophilicity
and cell adhesion properties make UV-C-treated SMCs particularly
suitable for use in drug delivery, tissue engineering, and regenerative
medicine. Future studies should optimize irradiation parameters,
explore long-term stability and in vivo performance, and investigate the
functional loading capacity of modified SMCs to further expand their
translational potential in biointerface engineering.
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