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impacts. This study investigates the integration of photocatalytic pretreatment with natural biodegradation to
accelerate PHB biodegradation. Photoactive ZnO mesocrystals doped with biowaste-derived carbon nanodots,

prepared via a wet-chemical approach, are proposed to improve the photocatalytic efficiency under sunlight.
ZnO mesocrystals doped with 30 wt% of carbon nanodots exhibited superior photocatalytic properties, thus
photodegrading PHB microplastics more efficiently than bare ZnO. Phototreated PHB microplastics exhibit an
improved biodegradation in soil when exposed for a controlled irradiation time. Additionally, PHB microplastics
photo-treated in the presence of doped mesocrystals showed an enhanced microbial colonization indicating
improved biofilm formation. These findings highlight the potential of photocatalytic pretreatment in modifying
surface properties to boost degradation in soil, thus offering a promising strategy for reducing microplastic

accumulation.

1. Introduction

Plastics are widely used due to their numerous advantages, such as
light weight, good stiffness, effective insulation and high resistance to
corrosion [1-3]. These materials are used in many different applications
like coating, insulation, construction, painting and electronics [4-6].
Global plastic production has surged from 1.5 million metric tons in
1950 to a staggering 390.7 million metric tons in 2021 with plastic
waste predicted to increase by approximately 250 million metric tons by
2025 [7,8]. As plastic materials are released into the environment, they
degrade and fragment into microplastics (MPs), ranging in size from
5 mm to 100 nm, and nanoplastics (NPs), with size smaller than 100 nm
[9,10], which pose a serious threat to living organism by inhibiting their
growth, development and reproduction [11,12]. Furthermore, MPs and
NPs can enter the food chain, impacting marine environment across
trophic levels including planktonic species, invertebrates and verte-
brates, fish and crustaceans [13], ultimately affecting human health
[14]. Exposure to NPs and MPs has been potentially linked to various
health concerns, such as cancer, respiratory disorders, and chronic
inflammation [15].

Various techniques, such as coagulation, adsorption and chemical
oxidation, are used to remove MPs from the environment, but these
techniques have different drawbacks [9]. Adsorption and chemical
oxidation face the challenge that the reusability and cost-effectiveness of
the adsorbent or catalyst are critical factors in determining their
viability and large-scale application [16]. On the other hand, coagula-
tion is a method in which MPs are not mineralized but only relocated
from one phase, water, to another, sludge with implication also for
agri-food sectors if sludge are applied. Meaning that the pollution
associated with MPs intensifies, and the objective to restore the envi-
ronment is delayed [17]. To address the issue, the use of biodegradable
polymers is considered a preferable alternative to non-biodegradable
plastics [18]. Largely commercialized biodegradable plastics are poly-
esters, including polylactic acid (PLA), poly(e-caprolactone) (PCL), and
polyhydroxybutyrate (PHB) [19,20] due to the presence of ester bonds
which can be hydrolyzed by natural enzymes. For example, PHB is easily
attached by microorganisms, facilitating its uncomplicated biodegra-
dation in soil and aquatic habitat [21-23]. Despite these advantages, the
natural decomposition of PHB, can result in MPs accumulation, which
serve as carriers for hazardous compounds that affect soil and aquatic
species, as well as human health [21,24-26]. Therefore, a promising
strategy could be represented by boosting the rate of biodegradation in
order to reduce the accumulation of MPs in the environment. However,
the chemical composition and morphology of MPs play a crucial role in
their biodegradation [27]. Consequently, the adoption of pretreatment
methods that modify crystallinity, surface roughness, and hydropho-
bicity may promote the initial microbial attachment to the plastic sub-
strate, as fundamental stage in biofilm formation, and enhance the
biodegradation process [28].

In this context, the integration of photochemical degradation of MPs
with natural biodegradation processes should represent a valid oppor-
tunity, above all by exploiting the natural light. Photocatalysis is an eco-
friendly technique that utilizes light irradiation to generate electron-
hole pairs in semiconductors [29]. These charge carriers produce

Reactive Oxygen Species (ROS) [30] that mineralize the organic sub-
stances [31]. Metal oxide semiconductors, like TiO5, ZnO, CuO and
CeO,, are widely used for the photocatalytic degradation of dyes, pes-
ticides, drugs and, more recently, microplastics [32-34]. Among them,
zinc oxide exhibits chemical stability, excellent electron exchange and
biocompatibility [35,36] which make it valuable for eco-sustainable
uses. However, its moderately high bandgap (3.27 eV) limits its activ-
ity to UVA range and rapid charge recombination reduces its efficiency.
An efficient way to overcome these limitations is represented by doping
that is a technique commonly used to vary the number of electrons and
holes in semiconductors. Among the several commonly used doping
agents, carbon nanodots (CNDs) represent a valuable alternative
because of the possibility to produce them by ecofriendly processes also
starting by molecules deriving from biowastes. CNDs are carbonaceous
nanoparticles with a diameter lower than 10 nm and exhibit excellent
optical properties, including fluorescence, up-conversion photo-
luminescence and enhanced electron transfer [37,38] than, if combined
by doping to semiconductors like ZnO, can improve the light utilization
and the charges separation, thus enhancing photocatalytic activity [39].

In the present study, photoactive ZnO mesocrystals doped with
biowaste-derived carbon nanodots are synthesized through a bottom-up
wet-chemical route by varying the carbon content with the aim of
optimizing photocatalytic degradation efficiency toward poly-
hydroxybutyrate (PHB) microplastics under sunlight irradiation. Rather
than proposing photocatalysis as a field-remediation strategy, the pho-
tocatalytic treatment is here adopted as a surface modification tool to
investigate the influence of photochemical handling on subsequent mi-
crobial biodegradation. Indeed, PHB microplastics are then subjected to
degradation in soil and biofilm formation tests to examine the influence
of photocatalytic pretreatment on the degradation process as well as
biofilm adhesion and growth in order to gain deeper insight into the
factors and conditions contributing to the enhanced degradation in soil.
Definitely, this study highlights the chance of a biowaste valorization for
producing functional materials with advanced photoactivity that can be
exploited in designing biodegradable plastic supplies embedded with
eco-inspired photocatalytic agents, thus enabling natural light-driven
degradation and reducing the environmental persistence of
microplastics.

2. Material and methods
2.1. Materials

Ethanol (EtOH, purity > 99.8 %), triethylamine (TEA purity >
99.8 %), zinc acetate dihydrate (ZnAc purity > 99.8 %), glycerol (purity
> 99.8 %) reagents and Luria-Bertani (LB) broth were obtained by
Sigma-Aldrich (Milan, Italy) and were used without further purification.
Agri-food compost was furnished by Verde Vita S.r.1 company (Alghero,
Sardinia, Italy) and used by following the procedure reported in SI
section. Polyhydroxybutyrate (PHB, Biomer T19, My, = 223 kDa, M,,/M,
= 1.23) was supplied from Biomer (Germany) and dried under vacuum
for 24 h at 40 °C to prevent hydrolysis during molding. After drying, 300
pm thick PHB films were prepared through compression molding at 175
°C under a pressure of 200 bar, followed by quenching to room



S. Russo et al.

temperature using water-circulating cooling plates. Small PHB samples
(4.5 mmx4.5 mm, 300 um thick) were prepared as models of MPs for
photocatalytic and degradation in soil tests. The soil used for the ex-
periments was Valcofert S.R.L. universal soil (Empoli), with the
following characteristics: 4.0 % organic carbon (SS), an electric con-
ductivity of 1.0 dS/m, a dry bulk density of 950.0 kg/m?, a total porosity
of 85.0 % (v/v), and a pH of 7.0. Pseudomonas fluorescens SBW25 and
Bacillus subtilis ND med strains were furnished by Micalis Institute, joint
research unit of INRAE, AgroParisTech and University of Paris-Saclay,
AgroParisTech (France).

2.2. Synthesis of carbon nanodots-doped ZnO mesocrystals

ZnO mesocrystals doped with bioderived CNDs were obtained by an
impregnation method starting from specific amount of both the bare
CNDs and ZnO particles. Firstly, CNDs were produced utilizing a hy-
drothermal technique using humic substances (HS) as carbon source. An
aqueous solution of HS was prepared with a concentration of 8.9-10%
g-mL~! in a final volume of 62.5 mL. The mixture was thoroughly stirred
using a magnetic stirrer to ensure full dispersion maintaining the tem-
perature at (25 + 3) °C and the pH to a value of about 7.0. Then, the
solution was transferred into a stainless-steel autoclave lined with
Teflon and then heated up to a temperature of 200 °C for 24 h. After-
wards, the mixture was subjected to centrifugation at a speed of
11500 rpm for two cycles, each lasting 7 min. The supernatant after
centrifugation was retained and subjected to ultrasonic treatment for
5 min by using a tip-sonicator at a 40 % amplitude and filtration using a
filter with a porosity of 0.22 pm. The CNDs obtained were collected in
suspension with a concentration of 5 mg~mL’l. Successively, bare ZnO
crystals were synthetized following the protocol as previously described
[40]. A brief description of the protocol is reported in Section 1.2 of the
SI. The ZnO mesocrystals were collected as a suspension with a con-
centration of 6 mg-mL ™. CNDs-doped/ZnO mesocrystals were prepared
by mixing specific amounts of CNDs and ZnO mixtures, which were
sonicated appropriately to ensure proper dispersion. Hybrid samples
were obtained with three different CNDs-doping contents corresponding
to CNDs/ZnO weight ratios of 0.1, 0.3 and 0.6. Each hybrid suspension
was gently stirred onto a magnetic stirrer for 24 h at 25°Cand atapH 7.
Finally, the samples were dried at 80 °C to obtain powdered samples for
physicochemical characterization and functional tests. Hereafter, the
obtained samples will be referred to as CNDs/Zn0O-0.1, CNDs/Zn0-0.3,
and CNDs/Zn0-0.6 respectively.

2.3. Physicochemical characterization of doped materials

Bare ZnO, CNDs and hybrid CNDs/ZnO mesocrystals, as well as PHB
microplastic samples before and after the photodegradation, were
analyzed for their physicochemical properties using a combination of
techniques. Transmission Electron Microscopy (TEM) and Scanning
Electron Microscopy (SEM) were used to characterize the morphological
features of particles and PHB MPs. X-Ray Diffraction (XRD) was
employed in order to investigate the graphitic nature of CNDs and the
properties and crystalline structure of bare and hybrid mesocrystals, and
to determine the crystalline index of PHB. Diffuse-Reflectance UV-vis
(DRUV) and Photoluminescence (PL) measurements were performed on
dry powder samples to study the optical properties of CNDs/ZnO mes-
ocrystals and their changes with respect to bare ZnO and CNDs.
Furthermore, Fourier Transform Infrared Spectroscopy with Attenuated
Total Reflection (FTIR/ATR) was used to examine the surface chemistry
of particles, and to monitor the chemical and structural changes in PHB
MPs during both the photocatalytic degradation and degradation in soil.
Further details on the analytical instruments and procedures used for the
physicochemical characterization are provided in Section 1.3 of SIL.
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2.4. Photocatalytic degradation of PHB microplastics via solar light

Photodegradation experiments were carried out on PHB MPs
(4.5 mm x 4.5 mm) and five set of conditions were defined and sum-
marized as follows:

Blank: PHB + H;0

Suspension 1: PHB + Hy0 + ZnO
Suspension 2: PHB + Hy0 + CNDs/Zn0O-0.1
Suspension 3: PHB + H;O + CNDs/Zn0-0.3
e Suspension 4: PHB + HyO + CNDs/Zn0O-0.6

For each condition, five samples of PHB MPs were immersed in
20 mL of bi-distilled water placed into test tubes of 50 mL in volume and,
alternatively, containing 20 mg of each type of photocatalyst. A blank
solution was also prepared by immersing PHB samples in bi-distilled
water in the absence of any catalyst. The photocatalytic degradation
processes were carried out exposing the aqueous mixtures to solar light
in Naples (40° 49° 25.91" N 14° 11’ 34.134" E) from May to December.
In order to obtain comparable results, the effect of MPs’ photo-
degradation was analysed considering both time and accumulated en-
ergy per unit volume, Quy:

A
Quvn = Quyyn1+I%* V* At; At =t, —t; (€]

where I is the local solarirradiance [J~(h~cm2)’1], A is the irradiated
surface [cmz], V indicates the volume of reactor [cms], At represents the
time interval [h] and Quy= is the accumulated energy per unit volume
[J-cm’g] [41]. The irradiance values, which were obtained from the
NASA website (https://power.larc.nasa.gov/data-access-viewer/), were
used to calculate Quy for samples exposed to solar radiation. In this
situation, the spectrum being evaluated spans from 300 nm to 3000 nm.
The activity of mesocrystals was restricted to UVA light irradiation due
to their bandgap; therefore only the UVA component, which accounts
for 4 % of the total irradiance, was considered in this study [42]. All
details regarding the protocol adopted to calculate Quy was previously
reported [43]. Specifically, the effect of the sunlight-driven photo-
degradation on PHB MPs in the presence of bare ZnO and CNDs-doped
ZnO mesocrystals was analyzed after 61 hrs (Quy= 564.08 J ~cm_3)
and 264 hrs (Quy= 2176.26 J-cm™2). Photodegradation analysis of PHB
microplastics (MPs) was performed in triplicate to determine the
average degradation rate. For each experimental set, 12 MPs samples
were used. At each sampling point, 4 MPs samples were collected and
analyzed, with three different points measured on each MPs to obtain an
average characterization.

2.5. Degradation in soil tests

PHB MPs both before and after the solar-driven photo-treatments,
were subjected to degradation testing within soil burial. Each sample
was carefully, dried, weighed and placed inside a metal mesh to ensure
the retention of any fragments generated during the photodegradation
process. These mesh-enclosed samples were then buried in soil, main-
taining a spacing of approximately one centimeter between each sample
and a burial depth of 3.0 cm as illustrated in Figure S1. The degradation
of PHB samples in soil was monitored over a period of 135 days, with
samples being recovered and analyzed after 15, 37, 62, 92 and 135 days
of burial at a controlled temperature. Unburied PHB samples were
analyzed for comparison too. The mesh size of the net used in the present
work was 1.8 mm, 1.3 mm along the two orthogonal directions favoring
a more intimate contact between the film surface and soil and reducing
the extent of the eventual delay in the polymer degradation. In any case,
the net was considered to equally influence the degradation of all the
analyzed samples, thus allowing the evaluation of the degradation
behavior of the materials and the comparison of the results.
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Furthermore, FTIR and DSC analyses were carried out to monitor the
chemical and structural changes in PHB MPs during both photocatalytic-
and bio-degradation processes. Details on the physicochemical charac-
terization are described in Section 1.5 of SI section. The degradation of
the tested PHB MPs was assessed using a gravimetric method deter-
mining the weight loss of the samples according to Eq. 2

tho — thi

tio

WL(%) = x 100 (2)

where Wt;; is the weight of the sample after a certain burial time and
Wty is the weight before the burial. The crystallinity of the samples was
calculated using the melting enthalpy of the fully crystalline PHB
(145.0J -g’l) [44]. The tests on PHB MPs were performed in triplicate.

2.6. Biofilm formation tests

Untreated and treated PHB MPs samples were contaminated by
placing them in a nutrient broth containing Pseudomonas fluorescens
SBW25 and Bacillus subtilis ND med strains, selected as high biofilm
forming models [45]. In particular, the samples were separately exposed
to P. fluorescens SBW25 and B. subtilis NDmed cultures for 72 h of growth
in static conditions. All experiments were performed in triplicate for
each sample and for both microorganisms. Specifically, frozen glycerol
stock solution (25 v/v %) of both microorganisms, stored at —80 °C,
were plated on LB agar (10.0 g~L’1 tryptone, 5.0 g-L’1 yeast extract,
5.0 gL' NaCl, 15.0 gL' agar, bi-distilled water) and incubated
overnight respectively at 28 °C and 30 °C. Single colonies were then
picked, resuspended in fresh LB broth (10.0 g-L ™! tryptone, 5.0 g-L™*
yeast extract, 5.0 g-L ™! NaCl) and incubated overnight under shaking
(150 rpm) at the same temperatures. The optical density, measured at
600 nm (ODggp nm), of the suspension was analysed, and precise dilution
in fresh medium was performed to achieve the chosen initial ODggg nm
value of 0.1. For biofilm formation, a proper volume (2.0 mL) of each
bacterial suspension was inoculated in a Petri dish (45 mm) and the MP
coupons were singularly inserted into and gently agitated with a loop to
ensure the suspension. The Petri dishes were then incubated at 30 °C
without shaking for 72 h.

After incubation, the coupons were carefully removed from the Petri
dishes and transferred upside-down on glass slides for staining and im-
aging. The staining and imaging protocol was adapted from a previously
described method [46]. Specifically, working in a dark room, a proper
volume (100 pL) of staining solution was dropped on each sample. The
staining solution was prepared by adding 3.0 pL of SYTO9 and 3.0 pL of
propidium iodide in bi-distilled water (1 mL). After 30 min at room
temperature, the stained coupons were analysed using a Confocal Laser
Scanning Microscopy (CLSM 510META, Zeiss) equipped with an argon
laser (LASOS Lasertechnik GmbH, LGK 7812 ML4) and two helium/neon
laser (LASOS Lasertechnik GmbH, LGK 7628-1 and LGK 7786 P).

Experimental observations were performed with a Plan Apo A 63 X/
1.4 NA oil-immersion objective and a Zeiss digital camera, with a
standard field of view of 1024 pixels x 1024 pixels, corresponding to
142.8 pm x 142.8 pm. Excitation was provided at a wavelength of
488.6 nm using a detection filter of 498 nm and at a wavelength of
561.5 nm with a detection filter of 580 nm. 3D Images were acquired
applying Z-stacks along the biofilm thickness using a 0.6 pm interval
between consecutive layers. Image processing was performed for each
single field of view acquired using BiofilmQ through MATLAB®© [47].
BiofilmQ allows the analysis of Z-stack images by denoising and seg-
menting images with customized settings and by declumping into voxels
of preferred dimensions. Single cells voxel analyses are performed to
obtain several parameters. Settings for denoising were chosen according
to previous campaigns of biofilm visualization: convolution kernel size
xy = 5, z = 3; medium filter along Z selected; top-hat filtering with size
25 voxels (3.49 pm). Segmentation was performed with the Otsu method
with 3 classes, with class 2 assigned to background and a sensitivity of
0.4 (sensitivity was chosen by comparing different image analyses with
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different values), and objects were declumped with cube size of 20
voxels (2.80 pm cube side length). Both green (live) and red (dead)
channels were processed, and after segmentation, the two channels were
merged. Biofilm thickness, biovolume, and substratum coverage were
selected as key parameters for analysis.

3. Results and discussion
3.1. Physicochemical features of synthetized CNDs/ZnO mesocrystals

TEM and SEM images of hybrid CNDs/ZnO mesocrystals compared
to bare ZnO ones and CNDs are shown in Fig. 1. Bare ZnO exhibited a
hexagonal shape with an average diameter of 5.0 &+ 1.5 ym, resulting
from the aggregation of smaller primary particles into mesocrystals
(Fig. 1A). SEM images revealed a truncated pseudo-hexagonal pyramid
shape (Fig. 1D). In contrast, CNDs distinctly exhibited a significantly
smaller average diameter of 6.0 + 3.0 nm (Figs. 1B and 1E), thus
highlighting their nanoscale size if compared to ZnO mesocrystals. As
shown in Figs. 1C and 1F, hybrid CNDs/Zn0O-0.3 mesocrystals (reported
as reference) displayed an average size of 180 + 55 nm with a pseudo-
hexagonal shape though less regular than that of bare ZnO meso-
crystals. The presence of CNDs on ZnO surface was highlighted by the
shadow surrounding the mesocrystals. These morphological differences
were due to the influence of CNDs during the preparation which limited
ZnO crystals aggregation, whose structure was probably altered by the
tip-sonication performed to favor the re-suspension in aqueous medium
before CNDs functionalization. This step probably contributed to the
breakup of larger ZnO particles and enhanced their integration within
the CND matrix and making them less distinguishable in the final
morphology.

The surface doping of ZnO mesocrystals with bioderived CNDs and
its effect on the crystalline structure were assessed by FTIR and XRD
analyses, respectively, as shown in Fig. 2. The FTIR spectra of CNDs/ZnO
confirmed that the protocol adopted was successful (Fig. 2A). Specif-
ically, hybrid mesocrystals exhibited a distinct Zn-O vibrational peak at
450 cm™ [48]. Notably, a significant shift in the Zn-O characteristic
vibrational peak from 449 cm™ for pure ZnO to 432 cm™! in the doped
materials was detected. This shift may result from the interaction be-
tween the functional groups of CNDs and Zn?" ions, potentially forming
a complex between the carbon nanodots and zinc ions and thereby the
vibrational properties. The incorporation of CNDs was further supported
by the presence of a more intense and broader band around 3340 cm ™,
corresponding to O-H stretching vibrations (Fig. 2B) [49]. Additionally,
the peaks near 1590 cm™ and 1415 cm™ , attributed to C=C stretching
and C-H bending vibrations, respectively, exhibited increased intensities
too [50,51]. These peaks also appeared in the spectra of bare ZnO, likely
originating from adsorbed water and residual unreacted organic com-
pounds used in the synthesis [52]. However, they were likewise char-
acteristic of carbon nanodots, reflecting their functional groups and
carbonaceous structure [49,53]. Consequently, the hybrid samples
exhibited higher transmittance intensities for these vibrational modes. It
is important to note that the C—=C stretching observed in the CNDs
spectrum (Fig. 2B) indicates the presence of sp>-hybridized carbon,
suggesting that the CNDs contain both sp? and sp® hybridizations [54].
Another significant observation derived from the FTIR spectrum analysis
was its resemblance to that of humic substances, as shown in Figure S3,
suggesting that hydrothermal treatment did not significantly alter the
primary functional groups of the precursor.

XRD spectra of CNDs-doped/ZnO mesocrystals (Fig. 2C) indicated
that all samples exhibited the characteristic hexagonal crystalline
structure of wurtzite, as evidenced by the comparison with bare ZnO
[55,56]. In contrast, the XRD spectrum of CNDs (Fig. 2C and S4)
revealed an amorphous nature as indicated by the presence of a broad
band at 20= 24.8°, which is ascribable to the C(002) plane typical of
graphitic carbon dots [57,58]. Although CNDs exhibited an amorphous
structure similar to their humic substance (HS) precursor (Figure S4),
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Fig. 1. TEM and SEM images of bare ZnO (A,D), bare, CNDs (B,E) and CNDs/Zn0O-0.3 (C,F) respectively.
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Fig. 2. FTIR spectra of bare ZnO, CNDs/Zn0O-0.1, CNDs/Zn0-0.3 and CNDs/Zn0-0.6 (A) and bare CNDs (B). XRD spectra of CNDs, ZnO, and CNDs/ZnO (C) and
magnified view of XRD spectra for ZnO and CNDs/ZnO samples (D).
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some differences were detected. These suggest that, while the functional
groups were preserved during the synthesis, a structural rearrangement
occurred leading to the formation of small dots.

The combination of CNDs with ZnO into hybrid mesocrystals, pre-
served the hexagonal structure of ZnO but, increasing the amount of
CNDs during the doping, led in some alterations in the crystalline
structure as revealed by a deeper XRD spectra analysis. Indeed, as shown
in Fig. 2D, a shoulder appeared in the first three characteristic XRD
peaks for CNDs/ZnO materials with higher CNDs content (i.e., CNDs/
Zn0-0.3 and CNDs/Zn0-0.6). This feature suggests the presence of
two distinct populations of crystallites with the same crystalline struc-
ture. Additionally, the peak corresponding to the (002) crystalline plane
at 20= 34° became more pronounced with increasing CNDs content,
thus indicating that the CNDs preferentially interact with ZnO through
the (002) plane, leading to its expansion. This preferential interaction
during synthesis was likely a critical factor influencing the structural
transformations observed in the TEM images. The absence of the
shoulder in the spectrum of CNDs/Zn0-0.1 (Fig. 2D) suggested that the
relative amount of CNDs used in its preparation was insufficient to
induce structural modification, making this sample like bare ZnO. As
detailed in SI, the Scherrer equation was employed to determine the
crystallite sizes of ZnO, CNDs/Zn0-0.1, CNDs/Zn0-0.3, and CNDs/ZnO-
0.6, yielding values of 33.9 + 4.8 nm, 30.5 + 5.8 nm, 32.5 + 10.2 nm,
and 32.5 + 5.6 nm, respectively. The optical properties of CNDs/ZnO
mesocrystals were assessed to foresee the use in the photocatalytic tests.
By UV-Diffuse Reflectance Spectroscopy (DRS), absorption properties of
the samples were evaluated, and the bandgap values were estimated by
applying Kubelka-Munk theory and constructing Tauc-plots.

As shown in Fig. 3A, CNDs/ZnO samples displayed an absorption
band at A< 400 nm, typical of ZnO which lacks absorption in the visible
region [59]. However, CNDs/ZnO mesocrystals exerted an increasing
absorption in the visible range becoming more pronounced at higher
CNDs content. Indeed, as reported in Fig. 3, bare CNDs exhibited an
absorption band across the entire range from 200 nm to 800 nm, like the
behavior of HS precursor (Figure S5). This is because HS can absorb in
the visible range due to charge interactions between electron donor and
acceptor groups [60]. Since the functional groups of HS were retained
during the synthesis, the resulting CNDs showed an absorption in the
visible range similar to their precursor. Moreover, it is known that CNDs
possess up-conversion properties that enable them to transform visible
and near-infrared light into shorter wavelengths [61]. Specifically,
CNDs/Zn0-0.1 sample exhibited a slight absorption in the visible range
indicating that, even though the amount of CNDs was too low to
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significantly alter the ZnO crystalline structure, it was already sufficient
to improve the optical properties. These findings, along with XRD ana-
lyses, confirm that the amount of CNDs used for ZnO doping, affected
the final properties of the resulting hybrid materials. The bandgap en-
ergy values (Egs) were determined using Tauc plots (Fig. 3B). Notably,
the CNDs/Zn0-0.1 had a Eg value (3.19 eV) slightly lower to that of bare
ZnO (3.23 eV). On the other hand, a significant decrease in bandgap
energy was detected for samples with a greater CND amount, such as
CNDs/Zn0-0.3 and CNDs/ZnO-0.6, whose band gap energy value
(3.04 eV) was significantly lower than that of bare ZnO.

3.2. Sunlight photodegradation of PHB microplastics mediated by CNDs/
ZnO mesocrystals

The effects of sunlight-induced degradation of PHB MPs in the
presence of CNDs/ZnO mesocrystals were monitored by ATR-FTIR
analysis. As a reference, the FTIR spectrum of untreated PHB was first
recorded (Figure S6A), which exhibited the characteristic peaks at
1719 cm™!, 1268 cm ™}, 1122 em ™, and 1048 cm ™}, corresponding to
C=0, C-0, and CO-0O-CO stretching/vibrations [62]. ATR-FTIR analysis
was then carried out after each photodegradation treatment, as shown in
Figures S6B-S6F. In order to investigate the crystallinity degree of PHB,
the band associated with C=0 stretching was analyzed. This band is
sensitive to the crystallization of PHB, with the 1720 cm ™! band arising
from ordered crystalline C—=0O groups along with CH3 groups, whereas
the 1740 cm ™! band is associated with amorphous free C=0 groups
[63]. On this basis, the C=0 band was deconvoluted using Gaussian
curves ensuring that the sum of the areas of the peak is equal to 100. The
deconvolution of the C=0 band before and after the photodegradation
treatment is shown in Fig. 4. It should be noted that the deconvolution of
the peaks before and after photodegradation was achieved only by
considering three or four components. The first two components were
the 1740 cm™! and 1720 cm™' bands, which corresponded to the
amorphous and crystalline phases, respectively. The other two compo-
nents were located at approximately 1705 cm ' and 1665 cm ™. The
1705 cm ™! peak was associated with H-bonded C=0 groups [64], likely
due to water molecules adsorbed on the PHB films during photo-
degradation, acting as H-donors. Similarly, the 1665 cm™! peak was
associated with water molecules hydrogen-bonded to C=0 groups [64].

The actual adsorption of water on PHB MPs has not been determined,
hence the absolute crystallinity was not measured. For this reason,
changes in the peak areas associated with water adsorption on PHB films
were previously examined. As shown in Figure S7, the sum of these
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Fig. 3. UV-DRS absorption spectra (A), Tauc-plot spectra (B) of bare and hybrid samples.
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peaks remained nearly constant and, consequently, any scaling factor
was applied when calculating the actual contributions of the crystalline
and amorphous phases. Consequently, the ratios between the areas of
the crystalline and amorphous phases calculated after each irradiation
time interval were then normalized with respect to the untreated PHB.
The trend of the area ratio for the crystalline peak (Aj720) and the
amorphous one (Ay749) as a function Quy is reported in Fig. S5A. Here, a
significant decrease in this ratio was observed across all samples during
photo-treatments thus suggesting the progressive degradation of PHB
MPs.

Specifically, it is noticeable that the samples treated with water alone
exhibited the lowest photodegradation effect. This degradation likely
resulted from thermal UVA radiation which caused changes in the mo-
lecular weight, chemical and crystalline structures, thermal and
morphological properties, which are associated to the predominantly
occurrence of macromolecule breakdown (e.g., chain scission via Nor-
rish mechanisms), and to the crosslinking reactions occurring in the
regions far from the surface with smaller oxygen availability and lower
light penetration, as a consequence of the recombination of free radicals
formed by the chain scission [65,66]. Conversely, the MPs samples
treated in the presence of ZnO, CNDs/Zn0O-0.3 and CNDs/Zn0-0.6
demonstrated more pronounced morphological modifications with
similar patterns. The comparable behavior of ZnO and CNDs ZnO-0.1
could be attributed to the insufficient quantity of CNDs added to the
system, which was too low to significantly modify the photoactivity of
ZnO mesocrystals. This finding was further supported by XRD results
showing that any crystalline modification occurred and by DRUV results
which indicated no change in the bandgap for CNDs/Zn0-0.1 hybrid
material. On the other hand, the lower structural variation observed in
presence of CNDs/ZnO-0.6 than that exerted in presence of
CNDs/Zn0-0.3 might be ascribed due to an excessively high concen-
tration of CNDs, which covered the mesocrystals and hindered the
proper interaction between solar radiation and ZnO particles (e.g.,
shielding effect), crucial for generating holes and electrons required for
the photodegradation of PHB MPs. The carbonaceous component, which
was rich in n-conjugated systems and intrinsic radicals typical of humic
substances (and their derivatives), enhanced the charge separation and
facilitated the electron transfer, thus reducing the electron-hole
recombination produced upon excitation [67,68]. Also, the synergistic
interaction between ZnO and CNDs promoted ROS generation, con-
firming that the mechanism occurs in a radical environment. The ob-
tained results indicated that CNDs/Zn0-0.3 material showed the highest
photocatalytic performance, thus suggesting that this CNDs concentra-
tion offered an optimal balance between surface coverage and photo-
catalytic activity. In order to further support this behavior, the
crystallinity of PHB samples was evaluated by estimating the crystalline
index, which represents the area of the peak of the crystalline phase
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relative to the total area of the XRD spectrum. The trends of the crys-
talline index determined from the XRD spectra of all samples
(Figures S8) as referred to different Quy doses are shown Fig. 5B. These
indicated that the crystallinity of PHB decreased by increasing the Quy
dose but this effect was strongly influenced by the type of mesocrystals
used as photocatalysts. In particular, the greater effect was induced by
ZnO mesocrystals doped with low amounts of CNDs and, according to
the evidence of FTIR analysis, CNDs/Zn0-0.3 sample exhibited the best
performance if compared to bare ZnO or CNDs/Zn0O-0.6, whose the high
amount of CNDs hindered an efficient photodegradation activity.

3.3. Degradation in soil of PHB microplastics after CNDs/ZnO-mediated
sunlight photo-treatment

In order to assess the effect of solar photocatalytic pre-treatment on
the soil degradation process of PHB MPs, the degradation in soil burial of
PHB not previously irradiated was compared with PHB samples previ-
ously exposed to sunlight irradiation for two different Quy dose, named
as PHB- CNDs/Zn0-0.3 (564.08 J.cm™) and PHB-CNDs/Zn0O-0.3
(2176.26 J-cm™), in the presence of CNDs/Zn0O-0.3 which was the
photoactive material previously identified as the more susceptible to
photo-treatment if compared with those at lower (CNDs/Zn0-0.1) and
higher (CNDs/Zn0-0.6) doping amounts of CNDs. Untreated and irra-
diated PHB-CNDs/Zn0O-0.3 samples were buried in soil for 135 days, as
described in Section 2.5. The weight loss of PHB samples during burial
was reported in Fig. 6. Different degradation rates were observed for the
investigated PHB MPs in soil. In detail, the weight of untreated PHB
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remained almost unchanged with only a 3 % loss during the first 40
days. An increase in the weight loss percentage was recorded between
40 and 100 days of burial, reaching approximately 27 % after 135 days
of soil burial. The initial incubation period of up to about 40 days aligns
with previously reported literature data [23].

PHB-CNDs/Zn0O-0.3 exposed to a Quy dose of 564.08 J ~cm’3,
showed, the greatest weight loss during burial, at 135 days of burial,
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reaching a loss of about 57 %. Surprisingly, the PHB-CNDs/Zn0-0.3
(2176.26 J-cm ™) sample presented the lowest weight loss (about 9 %
after 135 days of burial), showing an initial incubation period of 40 days
similar to the case of the untreated PHB. Gravimetric determination of
the weight loss of PHB-CNDs/Zn0-0.3 samples during soil burial sug-
gested a greater efficacy of the sunlight exposure to 564.08 J-cm ™3,
whereas increasing the irradiation time of the treatment up to
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2176.26 J-cm > resulted in a slower degradation reaching weight loss
lower than that of the untreated PHB.

The reduced degradability in soil of the samples exposed to sunlight
for longer times could be due to an improved occurrence of the cross-
linking reactions involving the free radicals (and/or ions) generated by
the irradiation. These could favor a reorganization of the degraded
molecules located underneath the most external layer, making the photo
treated PHB MPs less biodegradable [65,66]. In order to better elucidate
this unexpected trend, FTIR spectra of unexposed and sunlight exposed
samples buried in soil were recorded, as reported in Fig. 7. All the
spectra presented an increase in the absorption band in the range
3000-3500 cm ™!, related to the O-H stretching. For unexposed and
sunlight exposed PHB samples, the band at 3437 cm ™! increased with
burial time due to an increase in the OH groups as consequence of the
formation of carboxylic acid and unsaturated groups, which represented
a direct indication of PHB degradation during soil burial [65,69].
Furthermore, the PHB-CNDs/Zn0-0.3 (2176.26 J-cm™2) sample exhibi-
ted a broadening and upshift of the band due to the hydroxyl stretching
that could be attributed to the formation of hydrogen-bond among the
carbonyl of the ester group of PHB and the hydroxyl groups formed
during polymer hydrolysis [70]. In the C-H stretching region
(2800-3200 cm™), six bands of semicrystalline PHB were identified:
3007 em™!, 2997 em™!, 2976 em™!, 2935cm~!, 2873 cm™! and
2850 cm ! [71]. A gradual increase in the intensity of these bands was
observed with increasing burial time suggesting the development of PHB
crystalline structure and the reorganization of crystal phase due to the
degradation of material during burial. For PHB-CNDs/Zn0O-0.3
(564.08 J~cm’3), the presence of an absorption bands at 2927 cm!
was detected. The bands at 2976 cm™!, 2927 cm™!, may be due to the
crystal field splitting [71]. This phenomenon is reported to be caused by
intermolecular or intramolecular interactions in the crystal unit or in the
intramolecular interactions, related to the formation of the left-handed
helix conformation of PHB, so that the occurrence of crystal field split-
ting PHB-CNDs/Zn0-0.3 (564.08 J -cm™2) could indicate the occurrence
of new intramolecular interactions as a consequence of degradation.
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Weak intramolecular interactions, such as hydrogen bonding
C-H---O=C between two helical structures in PHB, were reported [72].
The absorption band at 1720 cm™! was observed, which was due to
C=0 stretching vibration of PHB in the crystalline phase together with a
broad band at 1740 cm ! arising from the C=0 stretching of amorphous
PHB. The increase in the band at 1740 cm ™, during burial, particularly
in the case of PHB-CNDs/Zn0-0.3 (564.08 J-cm™>), could suggest the
formation of intermolecular hydrogen bonding between PHB chains in
the amorphous phase [72]. The carbonyl index CI was calculated as the
ratio between the intensity of the C=0 bands at 1721 cm ™! and that of
CHj group at 1278 em™! [73] and a decrease in CI values for both
PHB-CNDs/Zn0-0.3  (564.08 Jcm ) and PHB-CNDs/Zn0O-0.3
(2176.26 J-cm™>) was observed after 135 days of burial [74], as
shown in Fig. 7.

Burial strongly affected the surface morphologies of the samples as
visible in Fig. 8. After 62 days of burial, samples presented strong surface
erosion. The presence of spherulites on the film surface indicated that
degradation was more effective on amorphous regions of PHB. It is
known that enzyme responsible for hydrolysing PHB exerted a prefer-
ence for chains in the amorphous phase during the early stages of soil
degradation [65]. Several mechanisms were reported to explain the
degradation of amorphous regions, such as the greater susceptibility to
hydrolysis compared to crystalline regions [75,76] or of the easier
degradation of the amorphous regions induced by bacteria [69]. After
135 days of aging the PHB-CNDs/Zn0O-0.3 (564.08 J-cm™>) sample
appeared significantly more degraded than the other samples. This
result was consistent with gravimetric analysis. Indeed, after 62 days of
burial, the surface of PHB-CNDs/ZnO-0.3 (564.08 J ~crn’3) was homo-
geneously degraded, and after 135 days, the presence of spherulites was
evident on the entire surface. These observations confirmed that the
amorphous regions of the material degraded more rapidly, leaving the
underlying spherulitic structures exposed [23]. However, it is worth
noting that some studies have shown that certain semi-crystalline PHB -
and, more generally, PHA - may degrade more efficiently due to favor-
able chain packing and enzyme-substrate interactions within crystalline

62 DAYS

135 DAYS

Fig. 8. SEM micrographs of unexposed and photo-exposed PHB MPs during burial test: PHB after 62 days (A, B) and 135 days (C, D) of degradation in soil; PHB-
CNDs/Zn0-0.3 (564.08 J-cm>) after 62 days (E, F) and 135 days (G, H) of degradation in soil; PHB-CNDs/ZnO (2176.26 J .cm ™) after 62 days (I, J) and 135 days (K,

L) of degradation in soil.
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domains [77,78]. For the PHB-CNDs/Zn0O-03 (2176.26 J.cm™3) sam-
ples, aged both at 62 days and 135 days of burial, the SEM observations
on the surface of the samples were in agreement with the results
collected by gravimetric analysis. Similarly to what observed for PHB
MPs, degraded and non-degraded areas can be distinguished, indicating
a non-homogeneous degradation process also in this case. In summary,
the assessment would indicate that there are two opposite effects: the
ratio crystalline/amorphous region and the degree of crosslinking. In
particular, the photocatalytic process in presence of CNDs/Zn0O-0.3
promoted the increase of the amorphous region of the polymeric ma-
trix if compared with the PHB samples irradiated in absence of photo-
catalyst (CNDs/Zn0O-0.x) or in presence of bare ZnO, but very prolonged
irradiation times would generate an insufficient number of scissions in
the polymer chain and, consequently, the produced fragments affected
the structural re-organization of the inner chains (photo-induced
cross-linking) thus disfavoring the degradation in soil. These results
contributed to better elucidating the hypotheses reported by previous
authors [66].

DSC thermograms, acquired during the first heating scan of the
samples analyzed after burial test, are reported in Fig. 9. The thermal
properties, such as melting and crystallization temperatures (Tp,, T.) and
enthalpies (AHp,, AH.) as well as crystallinity index (X.), are summa-
rized in Table S1. Unexposed PHB sample presented complex melting
behavior during the first fusion event, with a main peak at 168 °C and a
secondary peak at 183 °C. This behavior has been frequently reported in
the literature for PHB and attributed to three main phenomena: simul-
taneous melting-recrystallization-remelting processes, presence of
crystallites with different lamellar thickness, polymorphism [79]. The
presence of the double melting peak for PHB MPs buried in soil was
consistent with a possible reorganization of the crystals due to the
degradation [80]. In fact, long well-ordered polymer chains crystallized
more easily in thicker lamellae, while short and poorly ordered chains
crystallized in lamellae with reduced thickness inducing the presence of
multiple melting.

PHB-CNDs/Zn0-0.3 (564.08 J-em™>) and PHB-CNDs/Zn0-0.3
(2176.26 J-cm ) samples presented the main melting peak at 168 °C.
During cooling scan, no differences were detected between PHB and
PHB-CNDs/Zn0-0.3 (564.08 J ~cm’3) they presented a similar crystalli-
zation profile while PHB-CNDs/Zn0-0.3 (2176.26 J .cm ™) presented a
broadening of the crystallization peak with a slow shift of T, to lower
temperatures. X. was strongly affected by the treatment performed with
CNDs/ZnO. In fact, PHB-CNDs/ZnO (564.08 J -cm’3) and PHB-CNDs/
Zn0O (2176.26 J~cm_3) presented lower X. value with respect to PHB
after burial test ascribable to a reduction of the amorphous phase in PHB
samples degraded during burial and to an increased degradation of PHB-
CNDs/ZnO samples with modification of the crystalline phase.
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3.4. Biofilm formation onto PHB microplastics after sunlight photo-
treatment

A campaign based on submerged biofilm growth on the PHB MPs
photo-treated alternatively in the presence of bare ZnO and hybrid
CNDs/Zn0-0.3 mesocrystals with Quy of 2176.26 J-cm ™2 was carried
out to explore the effect of the photochemical treatment in boosting the
microbial adhesion and biofilm formation. Biofilm 3D reconstructions of
z-stack images, along with microscope images, were reported in
Fig. 10A, while biovolume and substratum coverage were quantified
with image analysis in Fig. 10B-C. Plastics contamination was separately
analysed for each strain. Regarding the untreated samples, both strains
couldn’t colonize surfaces, exhibiting both no biovolume and substra-
tum coverage. On the other hand, treatments improved surface ability to
be colonised, more specifically ZnO treated samples were contaminated
only by B. subtilis, while CNDs/Zn0O-0.3 treated samples were heavily
contaminated by both bacteria. These results aligned with the findings
from photocatalytic and soil degradation studies. The higher biofilm
growth on the MPs treated with CNDs/Zn0-0.3 could be attributed to a
previous stronger photocatalytic degradation of the MPs that modified
the surface of the MPs making it more sensible and vulnerable to mi-
croorganisms’ adhesion [81]. Although the strains used were not spe-
cifically selected for their ability to degrade PHB, and therefore the
observed biofilm could not be directly linked to enhanced biodegrada-
tion, the results clearly demonstrated that the photochemical treatment
induced surface changes - both morphological and chemical - that pro-
moted microbial colonization. Biofilm development is critical in the
microbial degradation of polymers, as it increases residence time, local
enzymatic activity, and the probability of interaction between microbes
and the substrate [82,83]. In this context, the enhanced biofilm forma-
tion on pre-treated MPs may have reflected a higher microbial loading
capacity, potentially influencing microbial transport dynamics in the
environment. These findings suggested a direct relationship between the
chemical, structural and morphological properties of MPs surface,
opening to further investigations to clarify the mechanisms of interac-
tion between microorganisms and MPs before and after the photoin-
duced treatments.

4. Conclusions

In the present investigation, the effect of photocatalytic induced
degradation of PHB microplastics on their degradability in soil was
investigated in order to better clarify the beneficial effect of solar light-
driven strategy. To this aim, ZnO mesocrystals doped with bioderived
carbon nanodots at different amounts were designed and prepared to be
used as photocatalysts for the degradation of PHB MPs under sunlight.
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Fig. 9. DSC thermograms of untreated and photo-treated PHB MPs after aging in soil during the first heating scan (A) and during cooling run (B).
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Fig. 10. Biofilm growth on differently treated microplastic coupons. 3D reconstructions obtained in Paraview from z-stack CLSM images, depicted below, of the P.
fluorescens SBW25 and B. subtilis NDmed biofilms grown on microplastic coupons with different treatments: ZnO and CNDs/Zn0O-0.3. P. fluorescens biofilm images
on ZnO-treated and bare MPs and B. subtilis biofilm images on bare MPs were omitted due to lack of surface colonization. Colorimetric scale bar depicting biofilm
thickness in pm was reported on the left (A). Biofilm volume of P. fluorescens and B. subtilis, normalized to the observed surface area for each type of MPs samples
(B). Substratum coverage of P. fluorescens and B. subtilis biofilms for each type of MPs samples (C).

First of all, the hybrid CNDs/Zn0O-0.3 material showed the highest
photocatalytic activity with respect to bare ZnO and CNDs/ZnO meso-
crystals doped at different ratios, thus indicating that an adequate
amount of carbon nanodots can reduced the electron-hole recombina-
tion rate without light shielding for an excessive ZnO surface covering
by carbon nanodots. Moreover. weight loss analysis, SEM, and DSC/TGA
results revealed that PHB MPs photo irradiated in presence CNDs/ZnO-
0.3 at a Quy of 564 J-cm™ exhibited significantly higher degradation in
soil than untreated samples due to a marked increase of the amorphous
region of the polymeric matrix. However, PHB samples exposed to solar
light for higher irradiation times (Quy of 2167 J-cm™) showed a reduced
degradation in soil thus indicating that excessively prolonged photo-
catalytic treatment negatively impacted soil degradation efficiency as
the possible consequence of a structural reorganization of the reacting
polymeric chain molecules through crosslinking radical process which
reduced the PHB MPs biodegradability. The preliminary study on the
biofilm growth indicated that photodegraded PHB MPs treated with
CNDs/Zn0-0.3 exhibited enhanced bacterial colonization, thus propos-
ing a direct correlation between surface modifications and degradation
in soil. These results highlighted a critical balance in the photo-
degradation strategies, while light-activated modification can support
soil degradation, an excessive exposure may hinder it. This insight
should be essential for the further design of biodegradable plastics
embedded with photocatalytic additives, enabling light-responsive
degradation tuned to real-world environmental conditions. Definitely,

12

the obtained findings highlighted the key role of the dosage of CNDs to
efficiently dope ZnO mesocrystals as well as the irradiation time/yield in
order to induce the decisive chemical, structural and morphological
changes of MPs for enhancing degradability and microbial colonization.
These findings helped define key criteria for developing an integrated
strategy that combined abiotic and biotic degradation mechanisms to
mitigate the accumulation of PHB-based microplastics in the environ-
ment. Although the photocatalytic tests were performed in simplified
aqueous systems and the direct use of dispersed photocatalysts in nat-
ural environments was not easily feasible, this study provided a proof-of-
concept for integrating photocatalysis and biodegradation into more
scalable and environmentally safe material designs. Future research
should further investigate the photochemical mechanisms involved in
prolonged irradiation and broaden the study of microbial colonization
under diverse environmental conditions to guide the design of next-
generation self-degrading bioplastics.

Environmental implications

The study highlights a promising environmentally adaptive strategy
to mitigate microplastic pollution by integrating photocatalytic pre-
treatment with natural biodegradation. The use of biowaste-derived
carbon-doped ZnO mesocrystals accelerates the degradation of poly-
hydroxybutyrate microplastics under sunlight, enhancing microbial
colonization and biofilm formation. By tailoring irradiation time and
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photocatalyst composition, this approach modifies microplastic surface
properties to boost biodegradability while avoiding excessive photo-
degradation that may hinder microbial breakdown. These findings
support the design of next-generation biodegradable plastics with
tuneable degradation profiles, aligning with natural environmental
processes and contributing to a more effective, sustainable reduction of
plastic pollution.
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