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Sea urchin spines are biogenic single crystals of magnesium calcite that
are stiff, strong, damage tolerant and light and have a bicontinuous
porous structure. Here, we showed that the removal of their intraskeletal
organic matrix materials did not affect the compressive mechanical
properties and generated an open porosity. This matrix was able to
adsorb and release oxytetracycline, a broad-spectrum antibiotic. The
drug-loaded sea urchin matrix induced bacterial cell death after 4 and
8 hours of incubation of both Gram-negative E. coli and Gram-positive
S. aureus strains and this process induces an inhibition of bacterial cell
adhesion. In conclusion, this study shows that thermally treated sea
urchin spines are a compressive resistant and lightweight matrix able to
load drugs and with potential use in spine fusion, a challenging applica-
tion that requires withstanding high compressive loading.

Introduction

Sea urchins have been populating Earth’s oceans for over
450 million years," adapting to challenging environments.
During their evolution they have developed a wide variety of
spine types, which serve as a defense mechanism against

“ Biomedical Science, Technologies, and Nanobiotecnology Lab,
IRCCS Istituto Ortopedico Rizzoli, Bologna, Italy.
E-mail: gabriela.graziani@polimi.it, nicola.baldini@ior.it
b Department of Chemistry “Giacomo Ciamician”, University of Bologna, Bologna,
Italy. E-mail: giuseppe.falini@unibo.it
¢ Interdepartmental Centre for Industrial Research Health Sciences & Technologies,
University of Bologna, 40064 Bologna, Italy
 Department of Pharmacy and Biotechnology, University of Bologna, Bologna, Italy
¢ University of Bologna, Department of Biomedical and Neuromotor Sciences,
Bologna, Italy
+ Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4tb00482e
i Department of Chemistry, Materials and Chemical Engineering “G. Natta”,
Politecnico di Milano, Milan, Italy.
§ These authors equally contributed.
9 Institute of Particle Technology, Friedrich-Alexander-University Erlangen-
Niirnberg, Erlangen, Germany.

This journal is © The Royal Society of Chemistry 2024

£§*2 Carla Triunfo,§° Giulia Magnabosco,
Simona Fermani,”® Devis Montroni,
Nicola Baldini*®¢ and Giuseppe Falini

¥ ROYAL SOCIETY
PP OF CHEMISTRY

A natural multifunction and multiscale
hierarchical matrix as a drug-eluting scaffold
for biomedical applicationsf

qs°

® Daniele Ghezzi,° Martina Cappelletti,®
*b

predators.” These spines need to be stiff, strong, damage-tolerant,
and lightweight in order to fulfil their biological function.?

In contrast to mammals, which rely on hydroxyapatite, all
the skeletal components of sea urchins are composed of
Mg-calcite (Ca;_,Mg,)COs, which is grown and regenerated by
the complex processes of biomineralization.! Elemental analy-
sis has shown that the Mg distribution in single spines is not
uniform: the Mg content increases from the tip to the base by
an average of about 2 mol%.> This structural inhomogeneity
occurs through the segregation of Mg-rich particles, which
creates compressive stresses on the host matrix and improves
mechanical properties.®” As a consequence, the mechanical
properties of the spine are also graded along this gradient.

Phyllacanthus imperialis (Lamarck 1816) is a species of sea
urchins in the family Cidaridae widely distributed throughout
the Indo-Pacific region and commercially available. The pri-
mary spines of this species vary in size from the oral side, where
they are comparatively short, to the aboral side where they can
be more than 10 cm long. These latter protect the echinoid
from predators and serve as locomotion as well as mechanical
fixation structures between the reefs.

Under uniaxial compression the spines of P. imperialis
possess a high crushing strength, o., of 60 & 10 MPa.® The
energy-consuming breaking of these structures follows a layer-
by-layer crushing mode, which keeps the lower layers of the
material intact.’ This is caused by the hierarchic structure of
the spine, which extends from the microscale down to the
nanoscale.

As generally observed in sea urchin spines in P. imperialis
also the spine is arranged in three main structural areas from
the outer to the inner structure: cortex, and stereome, which is
articulated in a radiating layer and a medulla (the spine
core).*'® The stereome has a complex bicontinuous porous
structure,'™'* which exhibits controlled gradients in porosity,
reaching up to 75 vol%."® This porosity also changes in the
different region of the stereome, showing an average pore
diameter of 20.2 pm in the radiating layer and 18.6 pm in the
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medulla, respectively, with an average strut thickness of
17.8 pym and 18.6 pm.**

The hierarchical open-cell structure of sea urchin spines is
similar to that of human trabecular bone and possesses sui-
table mechanical properties for shaping. Therefore, they have
been studied for potential applications in bone defect repair."®
Indeed, Mg-substituted tricalcium phosphate (B-TCMP) scaf-
folds were produced by hydrothermal conversion of sea urchin
spines.®'®'” This material drastically decreased its mechanical
performance with respect to the pristine material, but, when
implanted in rabbit femoral defects and degraded, it was
replaced by newly formed bone."”

In this work we assume that the mechanical performances of
the sea urchin spine are mainly related to geometrical factors and
can be preserved after a thermal treatment that slightly modifies its
composition.''® Moreover, we expect that the thermal treatment,
which removes the intra-crystalline organic matrix and water, can
generate an additional apparent porosity.'® Here, these two envi-
sioned features are combined to fabricate a novel drug delivery
platform. In particular, we show that antibiotics can be effectively
loaded in the sea urchin-based scaffolds, and that the drug can be
released and exert its antibacterial action. We select an antibiotic
since, to date, orthopedic prostheses are always soaked in anti-
biotics prior to being implanted in the patient, so the route we
propose here can be an alternative to the current gold standard
practice. As a future perspective, the approach can be translated to
the release of other drugs, for instance antimicrobial compounds
(i.e. essential oils), which do not promote bacterial resistance or
antitumoral drugs, since the spine is also the main site for bone
metastases. This study represents a preliminary study for the
manufacturing of the future scaffold for hard tissue regeneration
based on sea urchin spines. In particular, it targets long-term
release of antibiotics for application in spine fusion, a challenging
etc. that requires withstanding high compressive loading and is
burdened by a high infection rate and possible failure. Different
from traditional delivery systems based on particles at different
sizes, as mesoporous silicon nanoparticles,***! for spine fusion
the scaffold is expected to remain in the implantation site for
6/12 months,> and be progressively dissolved by bone cells
(osteoclasts) and converted into mature bone.

Results and discussion

Aboral adult spines from P. imperialis with an average length of
70 mm (Fig. 1A) were used in this study. The samples were cut
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from the central region of the spine forming cylindrical shapes
with a length of 5 mm and a diameter of approximately 8 mm
(Fig. 1B). This aspect ratio was chosen to prevent bending and
buckling during the uniaxial compression tests.>* By selecting
the central region along the length of the spine, we ensured
compositional and structural homogeneity between samples.
Previous studies have shown that both the stereom architecture
(including the relative content of medulla, radiating layer, and
cortex) and the Mg content change along the spine’s main
axis.>?*

Thermal treatment at 250 °C for various durations signifi-
cantly removed the organic matrix and intra-skeletal water,
which appeared to be completed after 8 hours. Longer thermal
treatments, i.e. 24 and 48 hours, did not result in a significant
increase in material loss due to heat (Table 1). The temperature
choice was based on previous studies investigating changes in
crystallographic parameters following thermal treatment.”®
Additionally, it was taken into consideration that higher tem-
peratures can negatively impact mechanical properties.>® For
this reason, even if in other studies higher temperatures were
used to completely remove intraskeletal materials, we decided
to work with a lower temperature. This still ensure a comple-
tion of the pyrolytic process after the 8 hours of thermal
treatment, as demonstrated for other biominerals." This heat-
ing process also caused the colored pigments to be lost or
degraded, resulting in the spine becoming whitish (Fig. 1C).
This removal enhanced the material’s biocompatibility as only
the mineral phase remained, with no organic molecules from
organism biosynthesis being present.”” This removal is an
important step for future biomedical applications, since non-
human proteins may induce an immunologic response in the
patient.

The removal of the intra-skeletal material also resulted in an
increment in apparent nano-porosity. Indeed, the specific sur-
face area increased from about 3 m* g~ ' to about 5 m* g~ *
(see Table 1), which aligns with previous studies.'®?*® Other
studies have also reported an increase in specific surface area
when biogenic calcium carbonate is thermally treated.'®*’
Additionally, we observed an increase in the overall porosity
of the samples after the thermal and bleaching treatment, as
shown in Fig. 2. It is worth noting that specific surface area and
porosity did not increase when the thermal treatment exceeded
8 hours.

The observation by using SEM of the cross section of the
spine revealed additional information (Fig. 3). The macroscopic

lcm lcm
C

Fig. 1 Aboral adult spine from P. imperialis (A), 5 mm high disk before (B) and after the thermal treatment at 250 °C for 8 hours (C).
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Table 1 Compositional and macro-textural data from samples of
P. imperialis spines that were thermally treated at 250 °C for O hours
(A, untreated), 8 hours (B), 24 hours (C) and 48 hours (D). The weight loss
between 150 and 475 °C was used to estimate the content of intra-skeletal
material (OM), the porosity (¢) was determined gravimetrically, and the
surface area was measured using the BET method. At least 5 independent
specimens were measured for each sample set

Time Surface area
Sample  (hours) OM® (Wt%) Porosity (¢) (%)  (m*g™)
A 0 2.0 £0.5 50 £ 2 3.4£0.5
B 8 0.9 £ 0.2 58.1 £ 0.4 4.7 £ 0.4
C 24 1.08 &+ 0.05 58.6 + 0.4 5.1 £ 0.6
D 48 0.85 + 0.07 58 £1 5.0 £ 0.5

“ The ANOVA test showed that the intraskeletal content of the pristine
spines decreased significantly after the thermal treatment (p < 0.001).

structural organization of the spine remained unaltered by the
thermal treatment, as expected.

In the selected region of the spine, the cortex showed a compact
structure, while the radiating layer and medulla had an open
structure. The radiating layer occupied the majority of the volume.
As we moved from the medulla to the radiating layer, the average
diameter of the struts decreased from 10 + 3 ym to 7 + 2 um. The
pore size was higher in the medulla (20 &+ 4 um) compared to the
radiating layer (15 & 3 um). These data are slightly different from
those reported by Grossmann and Nebelsick,** who analysed the
entire spine along the longitudinal section. This may suggest an
elongated morphology of pores for this species.

The cross-section also revealed conchoidal fractures in the
struts, which occurred in both the medulla and the radiating
layer (Fig. 4). This unique cleavage was observed in both the
pristine and thermally treated samples. Since this effect did not
appear to be related to the presence of the organic matrix,
which was removed in the thermally treated samples, we can
attribute it to geometric factors and the specific orientation of
the crystallites in the sea urchin spine.”***8

The distribution of Mg in the sea urchin spine section was
also evaluated by energy dispersive spectroscopy (EDS). The
data show that the content of Mg was lower in the medulla
(5.3 mol% MgCO;) than in the radiating layer (8.1 mol%
MgCO3), with the lowest content in the cortex (5.0 mol%
MgCOs) (Fig. S1, ESIf). These data agree with the measure-
ments reported in the literature.
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Diffractometric analyses showed that the mineral phase,
Mg-calcite, did not change upon the thermal treatments
(Fig. S2, ESIY). However, we found that the removal of the
intraskeletal materials, such as water and organic matrix,
provoked a slight change in lattice parameters, as already
discovered by Pokroy’s research team.>**'*> The g-axis and
c-axis expanded by about 0.07% and 0.1%, respectively
(Table S1, ESIt). A decrease in the content of ACC was also
observed, from about 8 wt% to 5 wt%. These observations are
consistent with those reported for Paracentrotus lividus spines
after a thermal treatment.*

Under bulk compression all studied sea urchin spines, both
pristine and thermally treated exhibited similar qualitative
fracture behaviour, which was characterized by graceful failure.
An image showing characteristic fractured materials and a
representative load distance curve is reported in Fig. 5.

In the first phase of the load-distance curve, the specimens
showed the formation of cracks limited to the external surface
of the samples. This caused the external part of the specimen
to separate into lath-like segments, which then spalled as the
crosshead continued to move (Fig. 5A-C). Once the external
section was completely crushed, the next inner part exhibited
the same features. Axial cracks continued to form and
damaged segments spalled until the spine was completely
destroyed. Fig. 5D shows an example of the load-distance
diagram for P. imperialis specimens, where the load of the
sample was directly measured from the crosshead motion of
the machine. Initially, an increase in load resulted in an
elastic response until the force suddenly and significantly
decreased due to crack formation and spalling. This process
was limited to the inner part and did not extend further.
Subsequently, there was a repeated slow increase in load
followed by a sudden drop. The entire spine absorbed energy
by crushing and segmenting under compression, preventing
complete catastrophic failure. The compression strength and
Young’s modulus of the samples are reported in Table S2
(ESIt). They show that there were no relevant differences
between pristine and thermally treated samples. However,
the samples treated for 48 hours had the lowest values of
compression strength and Young’s modulus. A similar beha-
vior in mechanical performance was observed for Heterocen-
trotus mamillatus spines after thermal treatment.?*

3
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Fig. 2 Compositional and macro-textural data from samples of P. imperialis spines that were thermally treated at 250 °C for 0 hours ((A), untreated), 8 hours (B),
24 hours (C) and 48 hours (D). (1) The weight loss between 150 and 475 °C was used to estimate the content of intra-skeletal material (OM); (2) the porosity was
determined gravimetrically; (3) surface area was measured using the BET method. At least 5 independent specimens were measured for each sample set.
* The ANOVA test showed that the intraskeletal content of the pristine spines decreased significantly after the thermal treatment (***p < 0.001).

This journal is © The Royal Society of Chemistry 2024

J. Mater. Chem. B, 2024, 12, 9695-9702 | 9697


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tb00482e

Open Access Article. Published on 30 July 2024. Downloaded on 12/4/2025 11:53:41 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Communication

View Article Online

Journal of Materials Chemistry B

Fig. 3 Scanning electron microscopy images showing a cross-section of a sea urchin spine. (A) The ultrastructural organization of the P. imperialis spine
presents three different regions: the central medulla (m), the intermediate radiating layer (r.l), and the external cortex (c). (B) and (C) images show high
magnifications of the three regions of the spine. The images labeled with (B) are untreated, while those labeled with (C) underwent 8 hours of thermal

treatment. These images are representative of all investigated samples.

Fig. 4 SEM images of broken struts in the radiating layer of untreated (A)
and 8 hours thermally treated (B) sea urchin spines.

This peculiar mechanical behaviour can be explained by
considering the beneficial interconnectivity between the pore
walls, which improves the resistance of the material under
compression.'>?%** This interconnectivity appears promising
for application in spinal cord implants, where catastrophic
rupture must be avoided to prevent damage to the spinal cord.

The P. imperialis spines treated at 250 °C for 8 hours were
used as substrates for the adsorption of the broad-spectrum
antibiotic, oxytetracycline. Only the 8-hour treated ones were
tested since they showed significantly similar properties to the
other sample sets but with the shortest treatment time. The
results indicated that the substrates reached adsorption satura-
tion in 2 mL of a 15 uM solution within 24 hours, with a mean
maximum adsorption capacity of 0.026 &+ 0.004 mg g '. The
desorption process was investigated in PBS and showed that
the release reached a maximum after approximately 1 hour.
Subsequently, there was an apparent re-sorption of the drug

9698 | J Mater. Chem. B, 2024, 12, 9695-9702

(Fig. S3, ESIt). Photodegradation of the drug was ruled out as
the adsorption spectrum did not change after adsorption on
the substrate (Fig. S4, ESIt). The desorption curve did not fit a
Langmuir profile, suggesting that both chemical and physical
adsorption processes were involved. Moreover, it should be
noted that in PBS, a mineral transition from calcium carbonate
to calcium phosphate can occur on the surface of the
matrix.>*°

After demonstrating the capability of the P. imperialis
spines to absorb and release drugs, we investigated their
ability to inhibit bacterial growth. The data from the bacter-
ial cell growth experiments (Fig. 6A and B) indicated that the
spines loaded with oxytetracycline cause a gradual death of
bacterial cells after 4- and 8-hour incubation of both Gram-
negative Escherichia coli and Gram-positive Staphylococcus
aureus strains. In both cases, there was an ~ 3 log reduction
(equivalent to a 99.9% CFUs reduction) at the latest time
point. This suggested that the release profile was suitable for
the intended application and that the loaded oxytetracycline
exhibits strong antibacterial activity regardless of the main
bacterial cell envelope structures (which are associated with
the classification of bacteria as Gram-negative or Gram-
positive). Furthermore, the antibacterial activity of the anti-
biotic added directly to the medium at the same concen-
tration used to load the sea urchin spines showed a similar
trend over time (Fig. S5A and B, ESIt), indicating that the
oxytetracycline loaded onto the sea urchin spines was almost
completely released in the medium.

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 P. imperialis disk fracture phases (A
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C) and a typical experimental load-distance curve for the mechanical properties of the specimen (D). Side

view of the sample under compression When (A) the sample is compressed in its elastic region and (B) it starts to have a crack on the external surface
(see the white arrow). (C) shows a top view of the sample after compression.
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Fig. 6 Antibacterial and anti-adhesion activities of the loaded sample from P. imperialis towards Escherichia coli ATCC 8739 (panels (A) and (C)) and
Staphylococcus aureus ATCC 6538P (panels (B) and (D)). Significance is indicated as follows: **p < 0.01 and ***p < 0.001. Unloaded P. imperialis

specimens were used as control.

We also examined the ability of the loaded samples to
inhibit bacterial cell adhesion, which is one of the initial steps
in bacterial biofilm formation. Our results show a significant
anti-adhesion activity against both E. coli and S. aureus (Fig. 6C
and D), with a reduction of 1.68 and 1.99 log (equivalent to a
97.92% and 98.96% reduction in CFUs), respectively, compared
to the unloaded sample. Also in this case, the anti-adhesion
activity on the (unloaded) sea urchin spines immersed in the
culture medium added with oxytetracycline was similar against
both bacterial strains (Fig. S5C and D, ESI¥).

Previous studies reported the antimicrobial potential of sea
urchin through organic solvent extracts of bioactive molecules

This journal is © The Royal Society of Chemistry 2024

from diverse body parts, including the spine.*””*® In our case,
the sea urchin spine (without antibiotic loading) did not show
any antibacterial activity. This indicates that the antimicrobial
activities observed in our experimental conditions are solely
attributed to the loaded antibiotics. This is likely due to the
removal of organic matrix protein molecules through the
thermal treatment.

Conclusions

This study marks for the first time the use of thermally treated
sea urchin spines as a carrier matrix. The matrix has been

J. Mater. Chem. B, 2024, 12, 9695-9702 | 9699
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found to have increased porosity and is devoid of biological
macromolecules. It is able to withstand compression, is light-
weight, and has the capability to load and release drugs.

Although further studies will need to be performed to
investigate in vitro and in vivo biocompatibility of the substi-
tutes, as well as their capability to promote bone regeneration
and, hence, fusion, we foresee a potential application of this
matrix in spine fusion, a challenging process that demands the
ability to endure high compressive loads.

Materials and methods

Reagents and solvents were purchased from Merck and used
without any further purification. Fresh solutions were prepared
daily for each experiment. A skeleton of P. imperialis was
purchased from Mostra Mondiale Malacologia in Cupra
Marittima, Italy.

For substrate preparation, sea urchin spines measuring
6 cm to 8 cm in length and 5 mm to 10 mm in diameter were
manually detached from the skeleton. They were then cut into
5 mm high disks using a precision diamond wheel saw. The
disks were first cleaned with tap water and mechanically stirred
in pure ethanol for 2 hours. Different treatments were applied
to the samples to remove the organic matrix from the surface
and increase its microporosity. Initially, the disks were soaked
in the solution and gently stirred, setting them on a rocking
table in a 5 vol% sodium hypochlorite solution for 24 hours.
Then, they were stirred in a 1 M NaOH solution for 1 hour,
washed with deionized water, and air dried. Finally, the disks
were thermally treated in a muffle at 250 °C for 8, 24, and
48 hours to test different heating times.

Porosity

The porosity of the spine segments and spine cylinders
was determined gravimetrically by assuming a density of
2.711 g cm® for Mg-calcite. Therefore, the volume of the spine
segments and cylinders was calculated by measuring the area of
the cross-section, A, on optical microscopy images using Ima-
ge], and multiplying it by the mean height, 4. Together with the
mass, m, the porosity was estimated using the following
equation:

¢ (%) = (1 — (m[g)/(4[cm?] x Alem] x 2.711[g x cm*]))) x 100

Thermal analysis

Thermogravimetric analysis (TGA) was performed using an SDT
Q600 V 8.0 instrument (TA Instruments). The system was pre-
equilibrated at 30 °C, then a ramp from 30 to 600 °C with a
heating rate of 10 °C min " was performed under a nitrogen
flow (100 mL min~'). The measurement was performed on
10 mg of material on six independent specimens for each
sample set. The temperature range considered to estimate the
content of intraskeletal organic matrix was between 150 °C and
475 °C. The analysis of variance (ANOVA) was performed using

9700 | J Mater. Chem. B, 2024,12, 9695-9702
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the software SPSS 12.0 to compare the mean organic matrix
content after different heating times.

Scanning electron microscopy observation

The morphological structure of the sea urchin spine disk sur-
face was observed using a ZEISS Leo 1530 Gemini field emis-
sion scanning electron microscope (SEM) operated at 5 kV. The
disks were dried under vacuum in a desiccator and 10 nm gold-
coated before observation. EDS spectra and maps were col-
lected on samples without any coating using a ZEISS Evo LS10
under low pressure operating at 30 kV using an X-ray EDS
spectrometer Bruker Quantax 200 x 30 mm?®. Brunauer-
Emmett-Teller measurements: the BET specific surface area
was measured on an ASAP 2020 micromeritics instrument
using N, as an absorbent at liquid N, temperature (77 K).
Before measurements, the samples were degassed at 403.15 K
for 24 hours. Each sample set was measured on XX g of the
material on X independent specimens.

X-Ray powder diffraction analyses

X-ray powder diffraction (XRPD) measurements were per-
formed using a PanAnalytical X'Pert Pro diffractometer
equipped with an X'Celerator detector with Cu Ko radiation
in the range 20-60° 20, step size 0.02° 20, and counting time
180 s per step. The evaluation of the ACC was carried out using
about 20 wt% of diamond as an internal standard. All the
structural and compositional parameters were refined using
the Profex software.

Compression tests

The mechanical properties of the sea urchin spine disks were
evaluated through compression tests using an Instron universal
testing machine (Illinois Tool Works Inc., Norwood - MA,
United States of America) equipped with a 5kN load cell. The
load was applied using a 5cm diameter compression platen
moved at a constant downward speed of 0.5mm min . The
measurement was performed at least six specimens for each
sample set.

Adult aboral spines of P. imperialis were used as samples for
the mechanical characterization. Several aboral spines were
sectioned perpendicular to the c-axis with a diamond saw
(Buehler med 1000, ITW Test and Measurement GmbH, Esslin-
gen, Germany) using a blade thickness of 1 mm. In this way,
spine segments were fabricated with coplanar ends for the
uniaxial compression tests. The coplanar ends are required to
achieve uniform loading during the uniaxial compression
experiments. The samples tested had a cylindrical shape with
a diameter of around 5.5 mm and a height of 5 mm.

The compression strength, o, was calculated from the load
at the first crack formation. Young’s modulus, E, was calculated
from the slope of the linear elastic increase in the stress
(0)-strain (&) plots.

Oxytetracycline adsorption and desorption test

The P. imperialis cylinders were first treated with a 5 vol%
sodium hypochlorite solution for 24 hours to remove all

This journal is © The Royal Society of Chemistry 2024
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possible organic contaminants from the surface, then washed
with deionized water and air dried. Adsorption kinetics experi-
ments were carried out by immersing a 5 mm high cylinder
from the P. imperialis spine in 2 mL of a 15 pM oxytetracycline
aqueous solution at pH 8.7. This concentration is well below
the toxicity threshold of the antibiotic, that is identified in the
literature to be above 40 pM.*°. The samples were kept in a
20 mL glass tubes at room temperature under mechanical
stirring. To evaluate the drug absorption a spectrum of the
solution was recorded at 0, 24, and 48 hours after the loading.
The experiment was performed six times, and for each trial, the
drug solution was transferred into a plastic cuvette with a
1 cm optical path. The oxytetracycline desorption test was
performed at room temperature (about 25 °C) by immersing
each drug-loaded P. imperialis cylinder in 2 ml of PBS in a vial
placed on a rocking table to shake. The concentration of the
drug desorbed in solution was calculated via absorbance mea-
surements after 10 min, 30 min, 1 hour, 2 hours, 4 hours,
6 hours, 8 hours, 24 hours, and 48 hours. The antibiotic
concentration in solution was measured at 370 nm using a
UV-vis spectrophotometer (Cary 300 Bio, Agilent Technologies)
with a spectral range of 200-800 nm.

Microbiological tests

The antibacterial activity of the oxytetracycline-loaded samples
was evaluated by analyzing the inhibition of the growth of the
two reference pathogenic bacterial strains Escherichia coli ATCC
8739 and Staphylococcus aureus ATCC 6538P. All cultures were
prepared by inoculating a single bacterial colony (pre-grown on
Luria-Bertani (LB) agar (1.5% agar w/v) plates for 18-20 hours)
in 50 mL tubes with 5 mL of LB liquid medium. Cultures were
grown overnight at 37 °C under agitation and then diluted to
reach a final concentration of around 10° CFU mL ™. For the
test, the control (samples without oxytetracycline) and the
loaded samples were placed at the bottom of 48-well micro-
plates. Each well was then inoculated with 500 pL of the
bacterial suspension, and the microtiter plate was incubated
for 8 hours at 37 °C under shaking conditions (130 rpm). The
growth of the bacteria was assessed after 4 and 8 hours of
incubation by spreading serial dilutions of cultures on LB agar
plates and counting the number of CFU mL ™" after 18-24 hours
of static incubation at 37 °C. Triplicates were performed for
each experimental condition. The same procedure was per-
formed to test the antibacterial activity of the oxytetracycline
added into the culture medium at the concentration used to
load the sea urchin spines against the growth of both bacterial
strains.

To test the anti-adhesion activity, the bacterial suspensions
of E. coli ATCC 8739 and S. aureus ATCC 6538P grown overnight
were diluted to reach 10° CFU mL™". The control (samples
without absorbed oxytetracycline) and the loaded samples were
placed at the bottom of 48-well microplates that were filled with
500 uL bacterial suspension and further incubated for 4 hours
at 37 °C under gentle shaking conditions (50 rpm). The samples
were removed from the cultures, gently washed in saline
solution (NaCl 0.85 w/v%) to remove the non-adherent cells,
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placed in 2 mL tubes filled with 1 mL of saline solution, and
sonicated for 5 min to detach the adherent cells. The number
of adherent cells was finally assessed by spreading serial
dilutions of cultures on LB agar plates and counting the
number of CFU surface™ " after 18-24 hours of static incubation
at 37 °C. Triplicates were performed for each experimental
condition. The same procedure was performed to test the
anti-adhesion activity (on unloaded sea urchin spines) of the
oxytetracycline added into the culture medium at the same
concentration used to load the sea urchin spines.

Data availability

Raw data will be made available under request to the corres-
ponding author.
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