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The fabrication of porous biophotonic scaffold using a robocasting is reported here. Such material could be used
for in-situ activation of photoswitchable drugs, which is essential for improving therapeutic efficacy while
minimizing side effects. The scaffold is made of a phosphate glass mixed with CaWO.:Yb® *,Tm? * crystals and
SrAl:04:Eu®,Dy® * phosphors. Upon 980 nm irradiation, the scaffold emits blue light and green afterglow,
enabling in-situ activation post-implantation as NIR light penetrates tissue. The challenges related to the sin-

tering process and its effect on the spectroscopic properties of the scaffold are discussed. The as-3D printed
scaffold successfully enables one to activate the muscarinic photoswitchable drug Phthal Azobenzene Iperoxo
(PAI) upon NIR excitation, confirming the potential for in-situ phototriggered delivery of drug action using

tissue-permeable light stimulus.

1. Introduction

Bioactive glasses have been extensively used in tissue engineering for
the regeneration, repair, and replacement of damaged tissues. This is
due to their ability to release therapeutic ions and to form an apatite
layer when dissolved in physiological fluids [1]. They are highly ver-
satile and have been utilized in various forms, including coatings, par-
ticles, bone cements, and scaffolds, making them suitable for a wide
range of tissue regeneration and repair applications. [2]. The most
commercially used bioactive glasses in clinical settings are 45S5 [3] and
S53P4 [4], both being silicate glasses. Phosphate glasses have been also
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materials of interest as bioactive glasses as they can be engineered to
exhibit higher solubility and ion release compared to silica-based glasses
[5]. Phosphate bioactive glasses are unique materials with fully
resorbable characteristics, making them favorable for hard and soft
tissue engineering [6-8]. The composition of phosphate glass can be
readily tailored to achieve controlled ion release, congruent dissolution,
and enhanced resistance to crystallization properties. Recently, Ghana-
vati et al. demonstrated the successful preparation of 3D porous scaf-
folds from the phosphate glass with the composition 45 P»O5 — 20CaO -
10MgO - 10SrO — 10Naz0 — 2.5B203 — 2.5Si0; (in mol%) [8].

Such scaffolds have been of great interest in medical treatments as
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they provide support for cell growth and tissue-like structure formation
[9], bone healing processes [10], and controlled drug release [11].

Scaffolds can be prepared into green bodies via various techniques,
with robocasting being one of them. The robocasting technique relies on
the formulation of glass loaded inks which can be extruded through
nozzles. The first development of this technique relied on manipulating
the interparticle forces within the particle loaded suspension to create
inks with the correct rheological properties for printing [12]. An ideal
ink should be easily mixable, support high glass powder loadings while
retaining printable viscosity. Additionally, it should have pseudoplastic
behavior for precise extrusion. It must exhibit adequate yield strength to
endure the mechanical load of multiple scaffold layers. The ink should
be biocompatible, with a degradation rate aligned with the pace of tissue
regeneration, and capable of adhering to target surface for stable inte-
gration. Additionally, it must maintain structural integrity under phys-
iological conditions, be sterilizable, and scalable for clinical
applications. Robocasting is the most used 3D printing technique for
bioactive glasses due to the speed of fabrication, the ease at which inks
can be produced and the capability and accessibility of the machines.
The ink also comes with a binder, formulated with the correct rheo-
logical properties to act as a carrier of the particles, which binds them
together into the desired architecture. Pluronic F-127, often used as the
binder, is a block co-polymer surfactant with thermally reversable
rheological behavior, that can be dissolved in water, forming a stable
suspension via steric repulsion of the —OH groups [13-15]. Due to its
thermally reversible properties, Pluronic F-127 enables easy mixing of
glass particles at low temperatures while enabling the formation of high
modulus and high stiffness pseudoplastic inks at room temperature [16]

To be considered as suitable candidate as implant, the scaffold
should feature various properties [17]: the primary requirement is
biocompatibility, ensuring that cells adhere, function, migrate, and
proliferate without triggering a significant immune response that could
hinder healing or cause rejection. The scaffold must also be biodegrad-
able and non-toxic. Adequate pore size is essential for effective cell
migration and binding. In addition to these biological considerations,
the scaffold must exhibit mechanical characteristics that align with the
biomechanical demands of the target implantation site and must be
sufficiently robust to permit surgical handling during implantation.
After implantation, the scaffold must also present negligible immune
reaction to reduce inflammatory response.

Due to their porous structure, scaffolds have demonstrated potential
for use in targeted drug delivery systems which is a fairly recent field in
pharmacy that focuses on creating advanced systems to deliver drugs
more effectively and safely. Nowadays, these systems have been used to
deliver in-situ light-regulated agents, which are compounds that react to
light [18,19], or to reversibly photoisomerize photoswitchable drugs to
their pharmacologically active conformation (photopharmacology)
[20]. The My muscarinic acetylcholine receptor (mAChR) is a promising
target for dualsteric modulators, that engage both the orthosteric site
(where acetylcholine binds) and an allosteric site on the receptor. This
dual engagement offers more refined control over the receptor’s func-
tion, which is critical to regulate heart rate and various central nervous
system activities associated to Mp mAChRs [21]. For instance, a duals-
teric modulator could be designed to selectively enhance or inhibit My
receptor activity in specific tissues, providing therapeutic benefits in
conditions like cardiac arrhythmias or neurological disorders without
affecting other targets, including muscarinic receptor subtypes [22,23].
PAI (Phthalimide Azobenzene Iperoxo) is a photoswitchable dualsteric
modulator that can effectively activate M, mAChRs in its dark-adapted
(trans) form. Its activity can be reversibly switched off and on using
365 nm (cis-PAI) and 460 nm (trans-PAI), respectively [24]. However,
the need for ultraviolet (UV) and visible light to switch PAI limits its use
in-situ as these wavelengths do not penetrate deeply into tissue, due to
scattering and optical absorption [25]. PAI can be activated with IR light
using pulsed lasers (two- [24] and three-photon excitation [26]) but
these devices are not portable.
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Photon upconversion (UC) is a nonlinear optical process that con-
verts two or more low-energy photons into a single high-energy photon
[27,28]. In this way, 980 nm, which is tissue-transparent, can be con-
verted into visible photons. Upconverter materials have shown signifi-
cant potential in various fields due to their unique optical properties,
including bioimaging, in vitro detection and imaging [29,30]. Recently,
Ghanavati et al. demonstrated the successful preparation of a bio-
photonic scaffold codoped with Yb® * and Er®" able to emit green light
under 980 nm pumping, the brightness of which was sufficient to release
nitric oxide [31]. However, there is a major limitation of this approach
to obtain green light using 980 nm pumping which is the continuous
requirement of an external pump source to sustain the green emission.
Constant external excitation can be impractical for in-vivo applications,
particularly in controlled drug release systems.

In contrast to the upconversion process, the persistent luminescence
(Pel), or afterglow, refers to the emission that continues even after the
excitation source is removed. The duration of Pel emission varies
depending on the composition of the luminescent material and the
ambient temperature, ranging from a few seconds to several hours [32].
Among PeL phosphors, SrAl:0s: Eu?*, Dy>" is recognized as one of the
most efficient long-lasting emitters, capable of exhibiting a strong green
afterglow for up to 20 h following charging [33]. Despite their advan-
tages, the primary limitation of PeL phosphors in biomedical applica-
tions is their dependence on UV or blue light for charging and restricts
their use in deep-tissue applications since short wavelength radiation
does not penetrate biological tissues effectively. As a result, these
phosphors must be pre-charged before implantation. To address this
challenge, some studies demonstrated that green afterglow can be ob-
tained after NIR charging by integrating Yb® * and Tm? * ions with
SrAlzOa: Eu2+, Dy3+ [34-36]. It is the blue upconversion emission from
the Tm?® * ions obtained under 980 nm pumping which can be used to
charge the PeL phosphors (i.e. to induce charge trapping), eventually
leading to green afterglow upon NIR charging: However, the blue
emission from the UC particles needs to be strong enough in order to
sufficiently charge the SrAl:O.: Eu?*, Dy>* phosphors.

Despite of being bioactive, phosphate glasses are also good hosts to
incorporate rare-earth ions. However, the phonon energy of those
glasses is rather high, leading to low upconversion efficiencies [8,37].
On the other hand, crystals with low phonon energy exhibit higher ab-
sorption and emission cross-sections compared to glasses, allowing a
more efficient energy transfer (ET), achieving higher upconversion ef-
ficiency [38]. Calcium tungstate (CaWOa) is a promising material for
upconversion applications. When codoped with Tm?® * and Yb® *, this
crystal shows intense blue upconversion emissions at 473 nm under
980 nm excitation, due to the 1G4 - 3H6 transition of Tm? * ions [39].
There are a few advantages using CaWOu crystals as blue upconverter
such as facile fabrication conditions via solid-state synthesis, high acti-
vator concentrations, and intrinsic sensitization of lanthanide ions
through a ligand-to-metal charge transfer and it does not interfere with
the bioresponse of scaffolds [31,40]. This material also exhibits good
thermal stability, making it suitable for applications in high-temperature
environments [41], and is known to be beneficial in applications such as
photocatalysis and phototherapy [42].

In this paper, a 3D printed porous scaffold is developed, composed of
the bioactive phosphate glass with the composition (in mol%) 45 P,05 —
20Ca0 - 10MgO - 10SrO — 10Nay0 — 2.5B203 — 2.5Si02 mixed with
CaWO4Tm>*,Yb>* crystals and SrAl:O: Eu?*, Dy>* phosphors. Chal-
lenges in the sintering process of the composite scaffold are discussed. A
proof of concept on a controlled in-situ drug activation from the bio-
photonic scaffold utilizing NIR is presented.

2. Materials and Methods
2.1. Scaffold preparation

The 45 P,05 — 20CaO - 10MgO - 10SrO — 10NagO - 2.5B203 —



E.S. Magalhaes et al.

2.5S8i05 (in mol%) glass was prepared using standard melt quenching
process using platinum crucible as in [8]. The raw materials were NaPO3
(Alfa Aesar, tech.), H3BO3 (Sigma-Aldrich, >99.5 %), SiO, (Umicore,
99.99 %), SrCOs (Sigma-Aldrich, >98 %), NH¢PO4 (Sigma-Aldrich,
>99.5 %) and MgO (Honeywell, >99 %). The Ca(PO3), was synthesized
using CaCOs (AlfaAesar, >99 %) and NH4H,PO4 (Sigma-Aldrich,
>99 %). A glass batch of 30 g was introduced into the furnace at room
temperature and gradually heated at a rate of 10 °C/min until reaching
1000 °C, where it stayed for 1 h. Following quenching, the glass un-
derwent annealing at 425 °C for 8 h. Subsequently, the amorphous glass
was ball milled and sieved to obtain particles smaller than 38 um.

CaWO4:Yb3", Tm>* crystals were prepared via solid-state reaction,
with 0.5 mol% of TmyO3 and 15 mol% of Yb,0O3. The trivalent dopants
substituting divalent host ions Ca?" were compensated for charge with
monovalent Na™ with equal percentage as both trivalent dopants as in
[43]. The raw materials were CaCO3 (Alfa-Aesar, technical grade),
NayCOs (Sigma-Aldrich, 99,9 %), WO3 (Honeywell-Fluka, 99 %), YboO3
(Sigma-Aldrich, 99.9 %) and TmyO3 (Sigma-Aldrich, 99.9 %). The
chemicals were mixed and heated at 1200 °C for 4 h using a 3 °C/min
heating rate in ambient atmosphere in a furnace. Finally, the crystals
were manually crushed and then ball milled for 3 min using a planetary
ball mill (Fritsch GmbH, Idar-Oberstein, Germany) to minimize the
clogging during the printing process.

The scaffolds were fabricated using the robocasting technique using
3Dn-Tabletop robocasting machine (nScrypt Inc., Orlando, FL, USA).
The ink was prepared by manually mixing bioactive glass powder with
5 wt% of CaWO4: Y, Tm>" crystals and 5 wt% of commercial SrAl2O4:
Eu*,Dy® * (PYG-6L, Realglow®). This mixture was combined with a
water-based polymeric binder solution containing 30 wt% Pluronic F-
127, resulting in a final ink composition of 30 vol% solid powder and
70 vol% binder solution. The prepared ink, with a total volume of 2 cm?,
was loaded into a plastic cartridge and left to stabilize for an hour before
the printing process Scaffolds with a diameter of 3.3 mm were fabricated
by depositing parallel printed lines with an interlayer spacing of 0.3 mm,
resulting in a total height of 3.7 mm. The structure was constructed by
alternating the printing direction with a 90° rotation between successive
layers. As in [8], the 3D printed scaffolds were subsequently air-dried at
ambient temperature and finally sintered at 525 °C at a rate of 5 °C/min
for 1 h using a furnace (Nabertherm LT 9/11/SKM electric muffle
furnace) to fuse the glass particles and to remove the binder.

A solution composed by PAI (10 uM) dissolved in Milli-Q water was
deposited as a thin film in contact with the 3D printed scaffold and
exposed to 980 nm irradiation (Roithner Lasertechnik GmbH, model
RLDH980-160-3, 160 mW). Absorbance measurements were recorded
every 15-minutes over a duration of 45 min to evaluate changes induced
by the interaction between PAI and the scaffold under NIR illumination.
The experimental protocol comprised three distinct conditions: 1) Dark
condition (baseline absorbance): PAI in its trans (active) configuration
was maintained in a light-free environment to establish its active base-
line absorbance profile. 2) PAI was irradiated with UV light for 30 min to
facilitate transition to its inactive cis form to establish its inactive
baseline absorbance profile. 3) PAI, in contact with the scaffold, was
exposed to 980 nm irradiation, and its absorbance was measured in a
regular interval of time until full photoisomeration was achieved. To
understand the contribution from each active crystal in the activation of
the molecule, the same experimental conditions were performed using
scaffolds prepared only with CaWO,: Yb>*, Tm®* crystals and only with
SrAl.04:Eu®",Dy* * phosphors.

2.2. Characterization

A Micro-X Ray Fluorescence (XRF) Spectrometer (Bruker Tornado
Plus) was used for element mapping. The measurement was carried out
under vacuum atmosphere at room temperature.

SEM-EDX-CL measurements were conducted under low vacuum
(20 Pa) and 20 kV using a Hitachi (Hitachi High-Technologies Co. Ltd.,

Journal of the European Ceramic Society 46 (2026) 117777

Tokyo, Japan) S-3400N scanning electron microscope (SEM), equipped
with a Thermo Scientific (Thermo Fisher Scientific Inc., Waltham, MA,
USA) Noran System 7 energy-dispersive X-ray detector (EDX) for
chemical analysis. Cathodoluminescence (CL) was collected using an
optical fiber and analyzed using a CCD (Princeton Instruments ProEM
16002), attached to a spectrograph (Princeton Instruments Acton
SP2358).

The upconversion spectra of the glasses were recorded using a TEC-
cooled fiber-coupled multimode laser (II-VI Laser enterprise), with Aexc
~ 975 nm, delivering ~ 300 mW with a spot size of approximately
2 mm. The emission spectra were recorded in a range of 400-750 nm
using a Spectro 320 optical spectrum analyzer (Instrument Systems
Optische Messtechnik GmbH, Germany). The absolute upconversion
intensity was measured using a Hagner ERP-105 photometer equipped
with an SD27 photopic luminance detector. The emission was induced
by a Thorlabs MCLS1-980-20 980 nm laser operating at full power
(200 mW, spot size of 0.25 mm2). Both the excitation source and the
detector were positioned 5 mm away from the sample surface. The
measurements were carried out at room temperature, and the sample
was crushed into a powder to allow for a consistent basis for comparing
emission intensities.

The persistent luminescence (PeL) spectra of the samples were ac-
quired with a Varian Cary Eclipse Fluorescence Spectrophotometer
equipped with a Hamamatsu R928 photomultiplier tube (PMT). The
measurements were performed at room temperature. The samples,
crushed into powder to enable comparison of their PeL intensity, were
irradiated for 5 min with a hand-held 254 nm UV lamp (UVGL-25, 4 W).
Their PeL spectra were collected one minute after stopping the irradia-
tion. The detector parameters were Bio-/chemiluminescence mode, scan
range 400—1000 nm, emission slit 20 nm, data interval 1 nm, PMT
voltage 600 V (medium). The Pel. decay curve measurements were
conducted by irradiating the powdered sample for 5 min with a 254 nm
hand-held UV-lamp (UVGL-25), after which the luminance values were
obtained after which the luminance values were obtained by taking a
measurement every second starting 1 s after stopping the irradiation.
The equipment consisted of Hagner ERP-105 luminance meter coupled
with a Hagner SD 27 detector. The PeL decay after 5 min of irradiation
with a 980 nm laser (200 mW) focused on 2.5 mm? (8 W/cm2), was
recorded using an ILT 1700 calibrated photometer (International Light
Technologies) equipped with a photopic filter (YPM). For these mea-
surements a thick metal plate with a circular hole (@ 5 mm) was inserted
between the sample (bulk form) and the detector to minimize effects
from variations in sample size and morphology. The photoluminescence
(PL) spectra (Aexe: 266 nm, Nd:YAG pulse laser, 8 ns, TII Lotis) were
measured at room temperature using an Avantes CCD spectrometer
(AvaSpec-2048 x14).

The absorbance spectra of the PAI molecules in contact with the
scaffolds were measured using a Shimadzu UV-1800 UV-VIS Spectro-
photometer with standard quartz cuvettes (10 mm light path).

3. Results and discussion

The CaWO4: Yb3", Tm>* crystals were prepared using a solid-state
reaction. As shown in Figure Sla, this method leads to crystals with
an irregular morphology and grain size due to the restricted diffusion
during the synthesis [44]. Due to risk related to nozzle clogging during
the robocasting process, the size of the crystals was reduced using a
planetary ball mill. As expected, the crystals size is progressively
reduced from ~ 30 ym to ~2 pm when ball milled up to 20 min.
However, ball milling process can lead to amorphization or crystalline
phase changes as explained in [45]. Here, no changes in the XRD pattern
of the crystals were observed after ball milling for up to 20 min as shown
in Figure S1b. The XRD pattern of the crystal before and after ball
milling exhibits the same peaks which correspond to those of the
CaWO,: Yb®*, Tm3* crystals [ICDD: 04-008-6874] representing
Scheelite-type tetragonal structure [46]. However, the milling process
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leads to a reduction in intensity of the blue upconversion emission under
980 pumping, most likely due to the creation of defects that decrease the
efficiency of energy transfer between the rare earth ions as suggested in
[47]. Indeed, the formation of defects can make non-radiative transi-
tions more likely to occur, limiting the excited state lifetime (for the
intermediate states of Tm®"), thus reducing the probability for the

a As-3D printed

In
daylight

After UV
charging

CaWO,:Yb>* Tm3*:

SrAl,O,:Eu®",Dy**":

Glass matrix:

1
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energy transfer from Yb>* to the Tm>* in this intermediate state leading
to weaker UC emission intensities as shown in Figure Slc. Therefore,
crystals ball milled for 3 min were used for the synthesis of the scaffold.

In order to maintain the mechanical properties comparable to the
bone mineral phase, the concentration of CaWO4:Yb3+,Tm3+ and
SrAl.04:Eu®*,Dy® * within the scaffold matrix should be limited to 10 wt

After Sintering

As-3D printed

1 mm 1 mm

Fig. 1. (a) Pictures in daylight and after UV charging of the as-3D printed and sintered scaffolds, one should notice that the true body color of the sintered scaffold is
not properly represented due to different illumination. (b) XRF elemental mapping of the as-3D printed and sintered scaffolds.

N
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% as explained in [31]. Thus, scaffolds were fabricated with 5 wt% of
CaWO4Yb", Tm®t and 5 wt% of SrAl:Os:Eu*,Dy® * as this ratio was
found to be the most promising ratio for efficient charging of the PeL
phosphors by the blue UC crystals using 980 nm charging as depicted in
Figure S2.

Following the robocasting process, the scaffolds were sintered to
completely remove the binder and to promote densification of the
scaffold structure. The sintering process led to a progressive reduction in
porosity through the formation of solid necks between adjacent parti-
cles, promoting particle coalescence and a consequent decrease in
overall pore volume, ultimately yielding a dense microstructure with
minimal voids. The sintering also leads to residual carbon from the
binder, that is not fully decomposed, which leads to a light grey color-
ation as shown in the Fig. 1a. All scaffolds emit green afterglow after
being charged with the UV lamp indicating that the SrAl.O4:Eu®",Dy® *
phosphors survive the robocasting and sintering processes. The presence
of the CaWO4:Yb®* Tm3* and of SrAl.0«:Eu®,Dy® * was confirmed using
XRF (Fig. 1b). Elemental mapping of the as-printed scaffold revealed a
homogeneous distribution of the glass, CaWO4:Yb? *,Tm? * and SrAl2Oa:
Eu*,Dy* *, with no appreciable changes observed in their spatial dis-
tribution following sintering.

A decrease in the intensity of the afterglow after sintering is clearly
visible in Fig. 1a. Therefore, the PeL and PL spectra of the scaffolds were
measured before and after sintering in order to verify the impact of the
sintering on the spectroscopic properties of the SrAl.04:Eu®*,Dy**
phosphors embedded in the scaffold. The PeL and PL spectra, presented
in Fig. 2a and b respectively, exhibit a band which can be related to the
4 1°5d! — 4 { transition of Eu*" [48]. While no changes in the shape of
the emission bands are seen, a significant reduction in the intensity of
the PeL and PL emissions is observed after sintering. This suggests that
the thermal process has no impact on the Eu?" sites in the SrAl,O«Eu?,
Dy®* but is suspected to modify the defect-related traps, structural
ordering, and microstructural properties in the PeL phosphors [49]. A
decrease in the capacity for charge carrier storage is expected to occur
due to the sintering process, resulting in a shorter afterglow duration.
Also, the greyish body color of the sintered scaffolds is suspected to be
detrimental, as less infrared radiation is available for the upconversion
process reducing the intensity of the blue UC emission reaching the
SrAl.04:Eu®,Dy® * particles. It is also possible that the afterglow has
difficulties escaping the material. All these effects primarily impact
defect-related charge storage mechanisms rather than altering Eu?*
sites, leading to reduced radiative recombination efficiency and to
increased competition from non-radiative processes [49].

Fig. 2¢ shows the SEM image of the as-3D printed and sintered
scaffolds. At first sight, it is difficult to distinguish the glass particles
from the CaWOa.:Yb® *,Tm® * and SrAl20+:Eu*,Dy® * in the backscattered
electron image, although bright spots can clearly be seen in the image,
revealing parts of the scaffold made from atoms with higher atomic
number. In order to locate the various materials in the scaffolds, the EDX
elemental maps and cathodoluminescence (CL) spectra were recorded
using 20 kV accelerating voltage to have high CL and EDX intensity,
while maintaining reasonably high spatial resolution. Based on the EDX
maps (Fig. 2d), the brightest spots in the BSE images are thought to be
the CaWO.:Yb® *,Tm?® * crystals, while the glass particles appear darker.
The SrAl:O4:Eu**,Dy? * phosphors are bigger and partially covered by the
scaffold material. Looking at the Al elemental map, the position of the
SrAl.04:Eu®,Dy® * phosphors can be revealed. The areas with high in-
tensity of emission (Fig. 2e) align with the position of the SrAl.O4:Eu®",
Dy® * phosphors. The emission spectra (Fig. 2e, top) taken at such a
position exhibits a broad emission band with high intensity and centered
at 545 nm. This emission band can be related to the 4f55d' — 4f7
transition of Eu?". At locations where the CaWO4:Yb® *,Tm? * crystals are
suspected, there are additional contributions at 475 nm and 645 nm
which can be related to the 1Gs — 3Hs, and 'Gs — °F. transitions of Tm>*.
A strong emission band can also be seen at around 800 nm, which can be
assigned to *H4—>Hg transition of Tm>*. The presence of the CaWOa:
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Yb® *,Tm? * crystals in the scaffold is also confirmed from the ratio of the
emission in the 785 - 815 nm to the total emission intensity in each pixel
(Fig. 2e, bottom right). It is important to point out that no clear changes
in the distribution of CaWOa:Yb® *,Tm* * and SrAl2O+:Eu?*,Dy® * within
the scaffolds and in their emission spectra can be observed after the
sintering process, confirming that the sintering process does not lead to,
e.g., crystals decomposition or oxidation of the Eu dopant.

The sintering process has also an impact on the upconversion prop-
erties. As shown in Fig. 3, the intensity of the emissions at 475 nm and at
690 nm, corresponding to the 'Gs — *He transition and to the 3F,,3 — °He
transition of Tm>* respectively, decreases probably due to the formation
of internal/surface crystalline defects as explained in [50] and also
probably due to the greyish coloration that reduces the number of NIR
photons reaching the CaWOa4:Yb® *,Tm?> * crystals. Given the power de-
pendency of the UC process, in the case of three NIR photons, a reduc-
tion of the scaffold transmission by a factor of 2, would lead to a
reduction in UC emission of 8. It is interesting to point out that the
decrease in the intensity of the emission at 690 nm is less than for the
emission at 475 nm. The sintering process is expected then to deplete the
°Ha level, reducing the conversion to blue-emitting state 'Gs while
increasing the ®Fa population. This, in turn, increases the energy transfer
from Yb® * to the red-emitting 3F2,s level [51]. A similar effect was re-
ported in [52]. The quantification of the upconversion emission was
measured under 980 nm pumping (200 mW, and spot size of 0.25 mm?).
The as-3D printed scaffold exhibits 1218 mcd/m? of luminance which
decreases to 261 mcd/m?, being visible by naked eye in both cases.

The PeL decay after 980 nm illumination was measured before and
after sintering (Fig. 4). After being charged with 980 nm (8 W/cm?
irradiance) for 5 min, the as-3D printed scaffolds emit green light well
above the standard threshold of the practical limit of visibility set at 0.3
med/m? [53] for over 15 min. The video of the green afterglow after NIR
charging from the as-3D printed scaffold can be found in Video S1. As
shown in Fig. 4, the maximum luminance from the sintered scaffold is
measured at ~0.3 med/m?. This loss in the PeL. properties after sintering
can be related to the decrease in intensity of the blue UC and most
probably also due to the greyish coloration of the scaffold after sintering.

Due to the decrease in intensity of the blue emission under 980 nm
pumping after sintering, the photoisomerization of the PAI molecule
upon 980 nm light stimulus was conducted using the as-3D-printed
scaffold. For this experiment, a different 980 nm continuous-wave
laser was employed. Its output power was insufficient to obtain green
afterglow after NIR charging. Nonetheless, the scaffold was placed in
contact with the cis-PAI isomer (pharmacologically inactive form ob-
tained by preirradiation with 365 nm light) and was irradiated with a
980 nm laser for up to 45 min. The PAI absorbance spectrum was
measured every 15 min during the irradiation treatment. As depicted in
Fig. 5a, the absorbance spectra exhibit an absorbance band centered at
310 — 320 nm, the intensity of which changes due to cis-trans photo-
isomerization. Low and high absorption in the plot correspond to cis and
trans isoforms, respectively [24]. The relative absorbance, presented in
the Fig. 5b, is calculated by normalizing the change in absorbance at
time t to the total change between the active state and the UV-exposed
state (from the dark state to 45 min of irradiation by the 980 nm
laser) using the following equation:

A;(active) — A,

A, (active) — A,(UV) )

Arelaa’ve =

where A, (active) is the absorbance measured in the absence of UV light
(baseline or initial state), A, is the absorbance at a given time t and
A,(UV) is the absorbance after full UV exposure.

Under 980 nm pumping, a progressive increase in the intensity of the
absorption band is observed, suggesting a progressive photo-induced
isomerization from cis (inactive) to trans (active) form. However,
under 980 nm pumping, this scaffold exhibits both the blue upconver-
sion emission from the CaWO4 Yb3*, Tm®* crystals and the green
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Video S1. A video clip is available online. Supplementary material related to
this article can be found online at doi:10.1016/j.jeurceramsoc.2025.117777.

emission from the SrAl,04:Eu?",Dy>* phosphors. Although cis-trans PAI
isomerization is optimally driven by 460 nm blue light, both emissions
probably contribute to the photoactivation of the molecule, making it
challenging to distinguish the role of CaWO4: Yb%*, Tm3" crystals from
the role of SrAl,04Eu?"Dy3* phosphors on the photo-induced

Journal of the European Ceramic Society 46 (2026) 117777

isomerization process. To address this, two scaffolds were prepared
using the same 3D printing process; one with only CaWO4: Yb3+, Tm3*
crystals (5 wt%) and the other one with only SrAl-0.:Eu®,Dy® * phos-
phors (5 wt%). As shown in Fig. 5¢ and d, an increase in the intensity of
the absorption band is seen when irradiating the CaWO,: Yb3", Tm3*
crystals containing scaffold emitting only the blue light under 980 nm
pumping. In contrast, the scaffolds containing only SrAl,0,4:Eu®*,Dy>*
did not show the ability to induce the photoisomerization after being
charged with UV for 45 min (Fig. 5e) and maintained high levels of cis
isomerization with no significant shift toward the trans form (Fig. 5f).
Therefore, the photoisomerization of cis-PAI to trans-PAI is mainly ob-
tained from blue light emission of the CaWO4: Yb®", Tm>" crystals, in
agreement with the absorption spectrum of cis-PAI and the known
optimal isomerization at 460 nm [26].

4. Conclusion

In the present work, CaWO,:Yb®*,Tm3" crystals and SrAl,04:Eu",
Dy>* phosphors were effectively incorporated into a 3D printed bioac-
tive phosphate scaffold prepared using robocasting method. After
charging with 980 nm, the as-3D printed scaffold emits a green after-
glow for ~15 min above the threshold level of 0.3 mcd/m? due to the
blue emission from the CaWOy crystals co-doped with Yb®* and Tm3*
which charges the SrAl,04:Eu®t, Dy>* phosphors. After sintering, green
afterglow with low intensity was observed from the scaffold after
charging with 980 nm probably due to the formation of defects in the
CaWO,: Yb3", Tm3* crystals, which hampered strong blue UC emission.
Nonetheless, the emission from the as-prepared scaffolds under 980 nm
pumping was found to be sufficient to photoisomerize PAI and convert
the compound from its pharmacologically inactive cis form intro the
active trans isomer.

Our findings clearly demonstrate that the newly developed scaffolds
could be used as light-emitting implants in the body at sites where
localized and on-demand drug action is required, for example in the
region around a resected tumor to avoid relapse [55], attached to the
heart as a pacemaker [24], in the spinal cord to inhibit pain [56], or in
the brain cortex to enhance activity [54] or to inhibit seizures [57].
These implants would be combined with NIR illuminators operated
externally to activate systemically administered photoswitchable drugs.
For that purpose, our next steps will be to optimize the biocompatibility
of these materials and to test their preclinical safety.
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