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Bioactive glasses (BAGs) are implantable biomaterials that promote bone tissue regeneration and
healing. Various radiographic imaging techniques are commonly used to monitor the state of BAGs
after implantation. However, due to the weak contrast between the biomaterial and bone tissue, the
information obtained from radiographic images is limited. The fabrication of biophotonic BAGs by
doping phosphor materials into a glass matrix allows the use of optical imaging techniques or
combinations of imaging techniques for the non-invasive real-time monitoring of implants. During
optical imaging, light encounters various photophysical processes, such as reflection, scattering, and
absorption, when it passes through biological tissues, which significantly reduce its intensity.
However, NIR light is the least susceptible to these processes. Therefore, today, the primary challenge
for researchers is the development and fabrication of phosphors with the desired optical properties in

the NIR region.

During this work, MgO and Mgi14GesO24 NIR phosphors doped with both rare earth and transition
metal ions were synthesized. Samples with the best NIR optical properties were selected and doped
into a NaPSrO glass matrix. The fabricated glass-phosphor composites demonstrated promising

results, indicating that they can be used as biophotonic implants for NIR optical imaging.

Keywords: bioactive glass, biophotonic implants, NIR optical imaging, NIR-phosphors, doped MgO,
doped Mgi4GesO24, 3D scaffolds, glass-phosphor composites
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Abbreviations

HA = Hydroxyapatite

BAG = Bioactive glass

NIR = Near-infrared

UV = Ultraviolet

LD = Laser diode

LED = Light-emitting diode

CCD = charge-coupled device

IR = Infrared

PeL = Persistent luminescence

XRD = X-ray diffraction

XRF = X-ray fluorescence

PL = Photoluminescence

TL = Thermoluminescence

OSL = Optically stimulated luminescence
XEOL = X-ray excited optical luminescence
CL = Cathodoluminescence

SCS = Solution combustion synthesis

MGO = Mgi14Ges024



1. Introduction

1.1 Implants and three generations of biomaterials

Implants are artificially created, non-biological materials inserted into the host body to replace lost
or damaged vital body parts and restore their normal functions.! According to archaeological findings,
in the era of ancient civilizations, people used readily available natural materials as the first primitive
implants, the main task of which was to restore the basic functions of the body. Examples of such
materials were stones, shells, animal bones, wood, and various types of metals.? With the development
of medicine and science, it has become clear that the implant material plays a significant role in the
success of implant integration, longevity, and survival because it directly interacts with the biological
tissues.’ Therefore, the primary materials of modern implants are biomaterials, the main requirement
for which is biocompatibility, that is, the ability of the material to perform its function without causing
significant harm to the host's body.! In addition, such materials must be non-toxic, non-carcinogenic,

easy to fabricate and use.’

From the 20th century to the present day, three generations of biomaterials have been developed, each
with clinical requirements and purposes.* The main purpose of first-generation biomaterials is to
perform the functions of the replaced tissue, minimally interacting with biological fluids and not
causing any harm to the host's body.> Therefore, these biomaterials are biologically and chemically
inert and they have similar physical properties to the replaced tissue.* Examples of inert biomaterials
are stainless steel (SS), Co-alloys, Alumina (AL,Os),? Zirconia (ZrO2), phosphorylcholine, and some
types of polyethylene polymers.' In contrast, the second generation of biomaterials consists of
bioactive components, which directly interact with the native tissue of the host, forming a strong bond
with it. Examples of such materials are hydroxyapatite (HA), tricalcium phosphate (TCP), bioactive
glasses,' and Ti-alloys®. Additionally, this generation also includes biodegradable materials, such as
polymers composed of polylactic acid (PLA) or polyglycolic acid (PGA), which are resorbed in the
host body and replaced by biological tissue.* Biomaterials of the first two generations have
significantly improved the quality of implants themselves and raised the level of implantology, but
the problem of limited longevity has not been resolved. Therefore, the development of new third-

generation biomaterials has become a main challenge for researchers in recent decades.®*

The main difference of third-generation biomaterials is that they are temporary, implantable bioactive
structures that interact with the biological system and biodegrade over time. This stimulates the
cellular growth of the host's native tissue, thereby promoting its complete or partial regeneration.*

Basically, these biomaterials are three-dimensional porous structures with mechanical properties
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similar to the surrounding biological host tissue, as well as with controlled biodegradability.’
Examples of such materials are Mg-alloys,® mesoporous and macroporous scaffolds based on

bioactive glasses, nanobioactive glasses,”* biopolymer and bioceramic composite materials.’

As this work is closely related to bioactive glasses, the following chapters will focus on this

biomaterial, its properties, advantages, and disadvantages, as well as attempts to modify them.

1.2 Bioactive glasses

Bioactive glasses (BAG) belong to the second and third generations of biomaterials;® they are unique
bioactive materials that differ from conventional types of glass by their poor chemical durability.
Therefore, they have the ability to chemically interact with biological fluids, gradually dissolving and
forming a strong bond with the surrounding host tissues, promoting their regeneration and healing.’
Unlike other types of bioactive materials, they form a hydroxyapatite (HA) layer on the glass surface
during the dissolution. This layer can form a strong bond with the bone tissues because it has a similar
chemical composition and structure to the mineral phase of bone (bioapatite).®® In addition, due to
the amorphous structure of bioactive glass, it is possible to control the rate and mechanism of its
dissolution by changing the composition of the glass material or the ratio of its starting reagents. %!

Also, by doping bioactive glasses with various ions, their properties can be purposefully modified. !?

For instance, doping with Ag”, Ce**, and Zn** ions gives the glass antibacterial properties.’

There are three main types of bioactive glass, which differ in their chemical composition and
properties. They are silicate, borate, and phosphate bioactive glasses.!! The first and most studied
material is the silicate-based glass 45S5 with a composition of Na,O—-CaO—-P,0s5—Si10,, developed by
Hench in 1969.%!13 Compared to other types of BAGs, it has richer chemical durability because during
its dissolution a Si-rich layer is first formed and then the HA layer begins to form on top of it.® Thus,
due to its relatively high strength and long-term stability, this type of glass is used as orthopedic and
dental implants, as well as a coating material for metal implants.!*!*!5 In contrast, borate-based
glasses with a chemical composition of B2O3—CaO-Na>xO—P2>0Os have poor chemical durability since
they degrade faster in vivo, forming the HA layer.'®!® Therefore, they are used as temporary 3D
scaffolds to stimulate regeneration or healing of biological tissues, as well as in drug delivery systems
because they more easily release therapeutic ions.!¢'® Another advantage of this type of glass is that
the rate of its dissolution in vivo can be controlled by changing the composition of the glass, thereby
ensuring the stability of the implant for the required time.!'” In turn, phosphate-based glasses with a
composition of CaO—Na,O-P,Os are classified as third-generation biomaterials because they have the

ability to completely resorb in the host body. The main advantages of these glasses are that they have



the poorest chemical durability among other types of BAGs, and their chemical composition is close
to the mineral phase of bone tissue.!® However, the phosphate glasses are less stable than the borate
BAGs, even though their dissolution rate can also be controlled.!®!! Phosphate glasses are typically

used as 3D scaffolds in tissue engineering and drug delivery system.!?2%-2!

Nowadays, bioactive glasses are widely used in various fields of medicine and clinical research,
demonstrating promising results.!> Radiographic methods are most commonly used to monitor the
integration of bioactive glasses, their gradual degradation, the formation of the HA layer, and the
growth of new bone after surgery.?? In radiography, the contrast between the implant and biological
tissue plays a significant role; therefore, in this context, the main advantage of BAG may become a
disadvantage.?>* The formed HA layer on the BAG surface is similar in chemical composition to the
bone; in other words, they are identical in contrast in radiographic images;*? therefore, the information
obtained from these images is limited.>* Several attempts have been made to increase the radiopacity
of bioactive glasses by doping them with radiopacifiers. However, according to the results of these
studies, many of these materials are toxic to biological tissues and reduce the bioactivity of the
glasses.?? Therefore, in addition to radiography, other non-invasive and non-destructive methods are
also used to monitor the behavior of the implanted BAG.?**** One such method is NIR optical imaging,

which is relatively new but promising and has significant potential for BAG imaging in vivo.?>~’

1.3 Near-infrared (NIR) optical imaging

Over the past decades, optical imaging has become one of the most relevant and promising methods
of in vivo imaging based on the interaction of light with biological tissues within the body.?® The
advantages of this method are non-invasiveness, high sensitivity, real-time imaging without the use
of ionizing radiation, relative ease of implementation, the ability to combine with other imaging
methods, and a wide selection of fluorophores and phosphors with different luminescence
properties.?®? During the optical imaging, light penetrates the biological tissues of the body to excite
luminescent substances, the emission of which then passes through the tissues and is read by a
detector.?? Interacting with the biological system, the intensity of the light signal weakens and limits
the depth of light penetration, because it encounters such photophysical processes as reflection,
scattering, and absorption. Additionally, some biomolecules convert the energy obtained from the
absorption of radiation into an emission called autofluorescence, which negatively affects the contrast

and resolution of the images.°

Traditionally, optical imaging has relied on ultraviolet (UV) and visible light, which are most

susceptible to photophysical processes, and thus, they limit the penetration depth to approximately



one millimeter.!*> However, with the development of science and a better understanding of the
processes of light-tissue interactions, researchers have concluded that in the NIR region (700—1700
nm) both absorption and scattering of light by biomolecules are significantly reduced and
autofluorescence background is minimal, thereby increasing the depth of light penetration from
millimeters to centimeters and enhancing images contrast.>* In NIR imaging, the near-infrared region
is divided into two "biological windows": the biological window I (NIR-I region, 700—950 nm) and
the biological window II (NIR-II region, 1000—1700 nm), each of which has its own advantages.
However, the light of the NIR-II region is the most promising for in vivo imaging because it has better

properties.>*

One of the important factors affecting image quality is the optical and chemical properties of contrast
agents, which are typically injected into the body before optical imaging. Thus, fluorophores for NIR
optical imaging must be biocompatible, low-toxicity, photostable, with a high quantum yield, and a
large Stokes shift. They must also have intense and tunable luminescence properties in the NIR
region.”® Typical examples of contrast agents are organic molecule dyes®, IR fluorescent proteins®,
quantum dots*’, single-walled carbon nanotubes®®, and nanophosphors*. In NIR optical imaging,
narrow-band laser diodes (LDs) and high-energy light-emitting diodes (LEDs) are used as light
sources to excite contrast agents, the emission of which is read by detectors such as CCD (charge-

coupled device), InGaAs, and HgCdTe cameras.*%#!

Nowadays, there are various optical imaging techniques that are based on certain optical properties
of contrast agents used during imaging.”® The most commonly used imaging techniques are
bioluminescence imaging*?, chemiluminescence imaging*, fluorescence imaging**, persistent
luminescence (PeL) imaging*’, and X-ray excited luminescence imaging*®. The last three techniques
are the most promising for this work because the contrast agent must be thermally stable when doped

into a glass matrix (i.e., not destroyed at temperatures of 1000 °C or even higher).

For NIR fluorescence imaging, contrast agents with fluorescent properties are used. They are able to
absorb NIR light of a particular wavelength and emit light of a longer wavelength.** In modern

medicine, this technique is often used in diagnostics, treatment, and image-guided surgeries.?34’

Phosphors with NIR PeL properties are most commonly used in bioimaging and tumor imaging.*>3

NIR PeL imaging is based on the ability of phosphors to continue to emit NIR light for an extended
period (from minutes to hours) after the excitation source has been removed, which allows avoiding
the autofluorescence of biological molecules and obtaining high-contrast imaging of deep biological

tissues.?®



X-ray excited NIR luminescence imaging uses luminophores that exhibit luminescence properties
under X-ray excitation. In general, X-rays have much higher energy than non-ionizing radiation and
can easily and deeply penetrate biological tissues without significant interaction with them. Therefore,
using the advantages of this technique, it is possible to achieve high-quality, high-contrast, deep-

tissue in vivo imaging.?® This technique demonstrates the most promising results in bioimaging.*’

All previously described NIR optical imaging techniques demonstrate high potential for safe, non-
invasive, real-time monitoring of the implant’s state in the host body. Unlike traditional approaches,
in this research project, phosphors are doped into the structure of bioactive glasses or 3D scaffolds,
modifying them into so-called biophotonic implants. Although only a few studies have been published
on this topic so far, the preliminary results indicate the promising potential of biophotonic implants

in regenerative medicine.?’%4

1.4 Biophotonic BAGs

Examples of successful doping of PeL phosphors into the glass structure were demonstrated by
Nakanishi et al. and Massera et al. about 10 years ago.’®!>* Thus, Nakanishi et al. fabricated
alumino-borate glass with PeL properties by doping the glass structure with SrAlLOs:Eu?**,Dy**
phosphor using the frozen sorbet method. The obtained glass composites showed a greenish-yellow
PeL emission with a maximum at 520 nm after irradiation with 393 nm light.>* Building upon this
foundation, Massera et al. successfully doped a phosphate-based BAG with SrALO4:Eu?**,Dy*" and
CaALO4:Eu?",Nd*" phosphors using the glass melting method. The results indicated that the
synthesized glasses exhibit PeL properties after irradiation with UV light (254 nm). Thus, BAG
containing SrAl,O4 phosphor particles showed two emission bands at 410 and 490 nm, whereas BAG
composite with CaAL,Os particles exhibited only one broad band with a maximum at 445 nm.>%>!
Later, Saarinen et al. successfully prepared phosphate and borosilicate BAGs containing
SrALO4:Eu** Dy*" by sintering glass particles with PeL phosphor. Both types of BAGs showed a PeL
emission at 410 and 490 nm after irradiation with 254 nm light. It was also observed that the optical
properties of the glass decreased during the formation of the HA layer, which probably absorbs white
light. Therefore, this biomaterial could potentially be used as a biophotonic sensor for monitoring

biomineralization.>?

Despite the promising results demonstrated in the above studies, the use of such biophotonic materials
in NIR optical imaging is limited because their optical properties are exhibited in the UV and visible
light regions. However, several more recent studies have been published that describe the NIR optical

properties of glass composites.?”3



In 2023, Zhang et al. developed upconversion mesoporous BAG microspheres doped with Er** and
Yb*" ions. This upconverted luminescence biomaterial showed two emission bands in the green
(540-570 nm) and NIR-I (650—725 nm) regions under excitation of NIR light with a wavelength of
980 nm. According to the results, MBAG:Er/Yb microspheres demonstrated potential for

biomineralization monitoring and optical imaging applications.>?

Later, in 2024, Xu et al. synthesized a bioceramic material, CaTiOs, doped with Cr*" and Y>" ions
(CTCY). The material showed NIR PeL emission with a maximum at 772 nm after red light (650 nm)
excitation. During this study, the CTCY powder was mixed with polylactic acid to prepare a bone
screw, which then was implanted into a pig forelimb for in vivo optical imaging. Based on the results,
the PeL signal could still be detected when the tissue thickness was 17 mm. Therefore, this type of

biophotonic implant demonstrated promising results in NIR optical imaging.?’

1.5 NIR phosphors

NIR phosphors are inorganic materials that exhibit luminescence properties in the NIR region. In
general, phosphors consist of an host material (host lattice) and activator ions that are doped into it.>
Typical examples of host materials are oxides, aluminates, sulfides, fluorides, silicates, germanates,
and titanates. Transition metal ions (Cr**, Cr*", Mn*", Mn?*, Ni*") and rare earth ions (Eu’**, Yb**,
Nd*, Er**, Ho*, Eu*", Tm*") are most often used as NIR activators, since their luminescence
properties have been well studied.’®” Moreover, impurities and intrinsic defects of the host matrix
can also act as activators, causing luminescence properties in undoped material.>> Compared with
organic contrast agents and other luminophores, phosphors have many significant advantages, such
as bright tunable emission, photostability, large Stokes shift, high quantum yield, thermal and

chemical stability, and long luminescence lifetime.>®

One of the promising NIR phosphor hosts is MgO, which has a simple cubic lattice structure and is
easily synthesized by various synthesis methods.*®*° This host material has a wide band gap (7.8 eV),
which allows the creation of many variations of MgO phosphor with different luminescence and
trapping centers depending on the doped ions.® Moreover, it is non-toxic at low concentrations and
has high chemical and thermal stability.®! Since MgO contains impurities and many intrinsic defects,
it has various luminescence properties, such as thermoluminescence (TL), photoluminescence (PL),
optically stimulated luminescence (OSL), and radioluminescence (RL).52%* Therefore, this phosphor

has been intensively studied over the past decades for its potential application in TL dosimetry.*

Additionally, numerous studies have been conducted on doping MgO with rare earth and transition

metal ions to modify and improve the optical properties of the material. Red and NIR emissions have
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been observed in samples doped with ions such as Sm**, Eu**, Cr**, and Er**.>661:645 Moreover, the
OSL, TL, PeL, and RL properties in the red range were observed in MgO phosphor doped with three
different ions: Ce**, Sm®*, and Li".%° It was found that the presence of Li" ions significantly improved
the intensity of emissions since they created negatively charged defects in the host material, acting as
charge compensators.®! It was also noted that the luminescence centers formed due to Li" doping

facilitate the energy transfer between them and the luminescence centers of trivalent ions.®

Another promising NIR phosphor host is magnesium germanate (Mgi4GesO24), which has an olivine
structure and a 5.8 eV band gap.%” This phosphor, doped with lanthanide and transition metal ions,
demonstrated luminescence properties in the NIR region.®”® Thus, it was found that doping with Cr
ions leads to the appearance of broad PL emission bands in both NIR-I and NIR-II regions under UV
and NIR (NIR-II emission) light excitation.®’

The phosphors synthesized in this work were based on the two above-mentioned host materials.

1.6 The background and aims of this work

Over the past decades, many types of third-generation biomaterials have been successfully developed;
however, there has been a growing interest in creating new fourth-generation biomaterials that are
capable of not only stimulating the regeneration of native tissue by gradually biodegrading but also
have properties that facilitate non-invasive postoperative monitoring. Therefore, the development of
biophotonic BAGs with NIR optical properties is especially relevant because it enables the
application of several in vivo imaging techniques for real-time monitoring of implanted BAGs. Thus,
today, the main challenge for researchers is the development and fabrication of NIR phosphors with
desired optical properties, such as OSL, XEOL, PeL, and PL. One promising candidate for this
purpose is MgO-based phosphors, which exhibit high biocompatibility, thermal stability, and NIR
optical properties.

Therefore, the aims of this work are to improve the NIR optical properties of MgO- and MGO-based
phosphors by doping them with selected ions and varying the dopants concentration in the host
material; to fabricate glass-phosphor composites by doping the samples with the best optical
properties into the glass matrix and 3D-printed scaffolds; and finally, to compare the NIR optical
properties of the obtained composites with the original phosphors in order to assess their potential for
NIR imaging applications.

The results of this work may represent another step towards the development of a new generation of

BAGs that integrate therapeutic and diagnostic functions within a single biomaterial.



2. Experimental section
Doped MgO with Li*, Ce*", Sm** ions was synthesized by the solution combustion synthesis (SCS)

method, which was described by Oliveira et al.*°

SCS is one of the types of self-propagating high-
temperature synthesis. Usually, to generate a combustion reaction, four components are required: an
oxidizer (metal nitrates), an organic fuel (urea), a solvent (distilled water), and a high temperature
(500 °C).%°

Mgi14GesO24 (MGO) material was synthesized using the high-temperature solid-state method as
described earlier by Wang et al.** The material was doped with such ions as Cr**, Mn**, Yb**, Ho*",
Nd**, and Tm*".

The glass-phosphor composites were fabricated using three different techniques: remelting, the direct
doping method (DDM), and the so-called sandwich method. The glass with the 50P,0s-40SrO-
10Na>O composition was doped with selected phosphor samples, which showed the best optical
properties in the NIR region. Besides, the 3D-printed scaffolds with the 45P>05-2.5B203-2.5S10;-
10Na>O-20Ca0-10SrO-10MgO composition were also doped with the best powder samples. A

detailed description of the fabrication techniques for the glass-phosphor composites and doped 3D

scaffolds is provided in the supporting information (Table S1).

2.1 Synthesis of MgO:Lixe Ceye, Smye,
The starting materials for solution combustion synthesis included magnesium nitrate hexahydrate
(Mg(NOs3)2 - 6H20, Merck, 99%), urea (CO(NHz)2, Sigma Aldrich, 98%), lithium nitrate (LiNOs3,
J.T.Baker, 97%), cerium nitrate hexahydrate (Ce(NOs)3 - 6H20, Sigma Aldrich, 99%) and samarium
oxide (Sm203, Typpi Oy, 99%). Aqueous solutions were prepared from all mentioned chemicals, with
concentrations listed in the same order as above: 2 M, 8.33 M, 1.5 M, 0.015 M, and 0.015 M.
Samarium nitrate (Sm(NO3)3) solution was prepared by dissolving SmxOs3 in nitric acid 65% (Merck).
Initially, undoped MgO was synthesized as a reference sample. At first, 25 ml of Mg(NO3): solution
was mixed with 10 ml of urea solution in a glass beaker. The mixture was stirred for several minutes
and then heated on a hot plate at approximately 200 °C for about one hour until complete evaporation
of water occurred. After that, the resulting gel-like mass was transferred into an alumina crucible and
placed in a preheated Nabertherm N3/C8 furnace at 500 °C. The crucible was kept in the furnace for
8-10 minutes, until a combustion reaction occurred, releasing greenish-brown gas and flame. As a
result, a solid white paste was obtained, which was then ground in an agate mortar. The white powder
was transferred into an alumina boat crucible and placed in a Carbolite Gero EST 12/600B furnace
for annealing at 900 °C for 2 hours, with a heating rate of 5 °C/min in an open atmosphere. After that,

the obtained powder was ground again.



Other doped MgO samples were synthesized in the same way. However, the specific volumes of
lithium, samarium, cerium nitrate solutions were also added to the main mixture, depending on the
desired concentration of dopants in each sample. The dopant concentrations were calculated as mol-%
relative to the amount of Mg. Accordingly, for lithium ions (Lixs), x =0, 3, 6, 9, 12, and 24%; for
cerium ions (Cey), y = 0.03, 0.06, 0.12, and 0.24%; and for samarium ions (Smy), z = 0.03, 0.06,
0.12, and 0.24%. The full list of synthesized samples is provided in the supporting information (Table
S2).

2.2 Synthesis of doped MGO

The starting materials used in the solid-state synthesis were magnesium carbonate (MgCOs3,
Merck, >99%), germanium oxide (GeO,, Sigma Aldrich, >99%), chromium oxide (Cr203, Sigma
Aldrich, 99%), manganese dioxide (MnQO3), and ytterbium, neodymium, thulium, holmium oxides
(Yb203, Nd203, Tm03, H0203). MgO was prepared by the calcination of MgCOs3 at 1000 °C.

The undoped MGO sample was synthesized as a reference sample. To prepare 1 g of the material,
0.519 g of MgO and 0.481 g of GeO> were weighed and ground in the agate mortar for 15 minutes.
After that, the powder mixture was transferred to alumina boat crucible and placed into a Big Elite
TSH15/50/450-2416CG furnace for sintering at 1350 °C for 4 hours, with a heating rate of 3 °C/min
in air. After cooling, the sample was ground again in the mortar.

All samples were synthesized using the same process, which included the addition of oxides
containing dopant ions to the main mixture. The dopant concentrations were calculated as mol-%
relative to the amount of MGO substance. Thus, for MGO:Crye, batch, x =1, 3, 5, 7, 10, 13, 16, and
19%; for MGO:Crio%, Mnye, batch, x = 0.5, 0.75, 1, 1.5, and 2%; for MGO:Crio%, Lnxe, (Ln = Nd,
Tm, Ho) batches, x =1, 3, 5, 7, 9, and 11%; for MGO:Cr7%, Mno 5%, Ybx, batch, x =1, 3, 5, 7, 9%.
The samples from the first two batches are listed in the supporting information (Table S3).

2.3 Characterization methods
Powder X-ray diffraction (PXRD)

The X-ray diffraction patterns of the obtained powder samples were measured using a PANalytical
Aeris diffractometer equipped with a copper (Cu) X-ray tube and PIXcell D-Medipix3 detector. The
measurements were performed with Cu Ka radiation (Ko = 1.5406 A and Kop = 1.5444 A) at 40 kV
and 7.5 mA, with a step size of 0.0217°. The instrument setting included a Ni beta-filter, 0.04 rad
Soller slits, a 13 mm mask, a 1/4° divergence slit, a 9 mm AS slit, and a beam knife in the high

position.



The phase identification was performed using PANalytical HighScore Plus software, which compared
the experimental diffraction patterns with reference patterns from the ICDD PDF-4+ database to

determine phase compositions of the samples.
X-ray fluorescence (XRF)

The elemental composition of the synthesized samples was analyzed using a PANalytical Epsilon 1
XRF spectrometer with an Ag X-ray tube. XRF measurements were conducted using the “Na 1h
without the first step” program, which consists of three measurement cycles with different setting
parameters (as listed in Table 1). The results of all measured samples were collected in Tables S2

and S3 in the supporting information.

Table 1. The parameters of each measurement cycle of the “Na 1h without the first step” program.

Measurement | Acceleration Filter Detector Measurement | Measurement
voltage (kV) mode time (s) range (eV)
1 50 Cu (500 um) normal 300 2-34
2 12 Al (500 pm) high 180 automatic
3 10 - high 3000 0.9—4

Photoluminescence (PL)

The photoluminescence properties of the obtained samples were measured using a Varian Cary
Eclipse Fluorescence Spectrophotometer with a 150 W xenon lamp and a Hamamatsu R928
photomultiplier tube. The PL spectra were measured in fluorescence mode using the following
parameters: gate time of 5.0 ms, delay time of 0.1 ms, excitation slit width of 10 nm, emission slit
width of 5 nm for MgO samples and 2.5 nm for MGO samples, and a step size of 0.2 nm. Depending
on the samples, the detector voltage varied from 600 V to 800 V.

The PL spectra in the NIR region were recorded using an Avantes AvaSpec NIR 1.7 CCD
spectrometer connected to the Avantes FC-UVIR600-1 optical fibre. The measurements were
performed in high-sensitivity mode for 900 ms. A LOT-QuantumDesign MSH300 monochromator
and a LOT-QuantumDesign LSB522 150 W xenon lamp were used as the excitation source.

The PL spectra of glass-phosphor composites were measured using an Edinburgh Instruments

FLS1000 Luminescence Spectrometer.

Thermoluminescence (TL)
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The TL glow curves of undoped and doped MgO samples were recorded using a MikroLab
Thermoluminescent Materials Laboratory Reader RA'04 at a heating rate of 10 °Cs™. Before
measurements, the samples were irradiated with X-rays from the PANalytical Epsilon 1 device for 26
minutes. Several samples synthesized earlier were irradiated with X-rays for 40 or 60 minutes because
this was the initial irradiation time, which was later shortened to save measurement time. The same
approach was used to investigate the TL property of the crushed 3D-printed scaffold doped with MgO
phosphor.

Optically stimulated luminescence (OSL)

To determine whether the synthesized doped MgO material exhibited OSL properties, a series of
experiments was conducted using a Canon EOS 250D camera (with a glass filter Standa C3C-24), a
PANalytical Epsilon 1 device (for X-ray irradiation), and a Roithner LaserTechnik RLTMFC-980-
SOW-1 laser with 980 nm wavelength (for laser stimulation). The distance between the laser and the
samples was 11 cm, the laser power was 5.5 W, and the X-ray irradiation dose delivered to the samples
was approximately 51 mSv (0.051 Gy). For each selected sample, four photographs were taken in a
dark room: (1) the sample in darkness, (2) the sample under laser stimulation, (3) the sample after 20
minutes of X-ray irradiation, and (4) the X-ray pre-irradiated sample under laser stimulation. The
emission in the fourth photograph indicates the presence of the OSL property in the material.
Additionally, to eliminate the possibility of TL emission that may occur due to heating the samples to
85 °C during laser stimulation, a couple of samples were cooled with liquid nitrogen (=195.8 °C) and
dry ice (—78.5 °C) during the experiment.

The same experimental approach was used to assess the OSL properties of both the glass-phosphor

composites and the doped 3D scaffolds.
Cathodoluminescence (CL) and persistent luminescence (PeL)

To investigate the CL properties of the materials, CL emission spectra were recorded. A Nuclide
Corporation ELM2EX Luminoscope equipped with a Nuclide Corporation ELM2B vacuum chamber
was used to bombard the samples with a 12.5 keV electron beam. The CL emission spectra were
collected using an Avantes AvaSpec HS-TEC CCD spectrometer in the 180—1100 nm region and an
Avantes AvaSpec NIR 1.7 CCD spectrometer in the 800—1700 nm region. The Avantes FC-UV600-
1-SR and FC-UVIR600-1 optical fibres connected to the CCD spectrometers were used to conduct

the measurements.
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PeL spectra were collected using the Avantes AvaSpec HS-TEC CCD spectrometer. The samples were
bombarded with a 12.5 keV electron beam for 40 s, and the PeL emission was recorded immediately
after the beam was turned off.

Photographs of the samples' emission under the electron beam and after stopping the irradiation were

taken using a Canon EOS 250D camera in a dark room.

3. Results and discussion
During this research project, two different phosphor materials with luminescence properties in the
NIR region were synthesized. Then, the optical properties of all synthesized samples were measured,
and based on the obtained results, the best samples were selected for doping into a glass matrix. After
that, the optical properties of the fabricated glass-phosphor composites were compared with the

properties of the original phosphors.

3.1 MgO phosphor
During the first part of the work, MgO samples doped with different concentrations of Ce**, Sm**,
and Li" ions were synthesized. Then, XRD, XRF, PL, OSL, CL, and PeL properties were measured

for all samples.

X-ray diffraction patterns were measured for all synthesized samples to determine and identify their
phase composition using the ICDD PDF-4+ reference database. All measured XRD patterns are
shown in Figure 1. The diffractograms of the undoped sample and samples with low dopants
concentrations (0.03—0.06% of Ce*" and Sm** ions) show the presence of a single MgO phase (01-
076-6597), with characteristic reflections at 20 =~ 36.58°, 42.63°, 62.01°, 74.39°, and 78.38°. However,
in the diffraction patterns of samples with a higher lanthanide ions concentration (> 0.12%), the
presence of two different phases is noticeable. One of these phases is MgO (01-076-6597), and the
other, according to the database, is CeO> (04-013-4461). Compared to the main MgO phase, the
intensity of the impurity phase is very low with reflections at 20 ~28.20°, 32.70°, 46.98°, and 55.72°.

Therefore, it can be concluded that the solution combustion synthesis of both undoped and doped
MgO was successful, and the desired material was obtained. The dopant ions were successfully
incorporated into the host lattice, which can also be confirmed by the results obtained from XRF
measurements (Table S2). The appearance of the CeO: phase indicates that the “solubility” limit of
cerium in the MgO lattice was exceeded, leading to the formation of the impurity phase. This can be
confirmed by the publication of Matsukevich et al., which describes the process of preparing

mesoporous nanocomposites based on CeO> and MgO using self-propagating high-temperature
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synthesis.”® Additionally, in some XRD patterns, a slight shift of the most intense reflection at 42.63°

can be observed, which may indicate a slight change in the lattice parameters due to doping ions.
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Figure 1. XRD patterns of the obtained samples.

To assess the trap properties of the phosphor, TL glow curves were measured for all obtained samples
(Figure 2). Most samples were pre-irradiated with X-rays for 26 min. However, the MgO,
MgO:Ceo.129:5mo.12%, MgO:Li2%Ceo.129%Smo.12%, MgO:Li29%Ceo.24%Smo.12%, and
MgO:Lii2Ceo.24%Smo.24% samples were irradiated for either 40 or 60 min because they had been

synthesized earlier than the others, and different TL measurement parameters were used at that time.

From Figure 2, it is noticeable that the TL glow curve of the undoped MgO exhibits two weak TL
emission peaks with maxima at 190 and 360 °C, which indicates the presence of two types of traps
with different depths. The TL emission at 190 °C can be explained by the presence of intrinsic defects
in the MgO lattice, whereas the deeper traps (TL emission at 360 °C) are probably due to the tiny
amount of impurities in the sample.®* It is also noticeable that the doped MgO with Ce*" and Sm**

ions exhibits two TL glow peaks at 220 and 285 °C with relatively low intensity. The fact that the
13



second glow peak is twice as intense as the first indicates that lanthanide doping forms many deeper
traps due to substitutional defects in the MgO lattice.®! It was also determined that doping Li* ions
together with lanthanide ions significantly affects the intensity of the TL glow peak at high
temperatures (250—350 °C). With an increase in the concentration of Li" ions from 3% to 12%, the
intensity of the TL glow peak also increases, except for the samples that were synthesized earlier
(listed above). This can be explained by the fact that the negative charge defect formed by Li" ions in
the host lattice facilitates the doping of trivalent lanthanide ions into the structure of the material.®! It
is also noticeable that at 24% Li", the TL glow intensity remains relatively high but does not prevail
over the sample containing 12% Li". The effect of different concentrations of lanthanide ions on the
TL glow curves was not noticed. Thus, the sample with the most intense TL glow peak at 298 °C is
MgO:Lii2sCeo.12%6Smo24%.  This  sample, as  well as  MgO:Lix%Ceo.124Smo.12%,
MgO:Liza9Ceo.24%Smo 24%, and MgO:Lise,Ceo.039%Smo.06% samples, are promising candidates for OSL,
since the obtained TL results indicate a high density of deep traps with an activation energy sufficient

to accumulate and hold electrons until external optical stimulation.®°
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Figure 2. TL glow curves of the synthesized samples.

To confirm the presence of the OSL property of the material, three samples
(MgO:Li2%Ceo.129%Smo.24%, MgO:Liz49,Ceo.1296Smo.120%, MgO:Lizas,Ceo.24%Smo 24%) with the best TL
properties and one sample (MgO:LizoCeo.039%Smo.032%) with a weak TL glow were selected. Since we
did not have a device for measuring OSL, a Canon EOS 250D camera and a laser with a wavelength
of 980 nm were used to detect this property. For more convincing results, five photographs of each
sample were taken under different photographic conditions, but with the same camera settings
(aperture /0, exposure time 30 s, ISO-6400, shutter-priority exposure mode, and automatic white

balance). All the photographs are shown in Figure 3.
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In the photographs of the first three columns, no emission was recorded; they are entirely black.
However, they were taken under different conditions, the photos in the first column were taken in
complete darkness without any excitation, while the samples in the second column were excited to a
980 nm laser during photography, and the photos of the third column show the samples after 20
minutes of preliminary irradiation with X-rays. This indicates that the samples do not exhibit visible
emission under 980 nm laser excitation, and do not show long-lasting PeL after irradiation with X-
rays. The photographs in the fourth column show visible emission, which is most likely caused by
optical stimulation because during the photography the samples, which had been previously irradiated
with X-rays, were stimulated by the laser. Thus, the MgO:Li39Ceo.030:5mo.03% sample shows a reddish,
weak glow, while the other samples exhibit a bright white emission. The photos in the fifth column

show samples under room lighting.

Figure 3. Row a: MgO:Liz%Ceo.03%Smo.03%; row b: MgO:LiizwCeoi126Smo.24%; row c: MgO:Liza%Ceo.12%Smo.12%; row d:
MgO:Li24%Ceo.24%Smo.24%. Column 1: photographs of samples in the dark; column 2: photographs of samples under laser stimulation;
column 3: photographs of samples in the dark after X-ray irradiation; column 4: photographs of samples under laser stimulation, after
X-ray irradiation; column 5: photographs of samples under room lighting.

In order to exclude the possibility of TL glow occurrence due to heating of the sample by the laser
beam to approximately 85 °C during stimulation, it was decided to repeat the experiment using liquid
nitrogen (—195.8 °C) as a coolant. The sample was placed in a container with liquid nitrogen (other
stages of the experiment remained the same). However, due to its intense boiling at room temperature
and evaporation in the form of gas, it was difficult to obtain a clear photograph of the sample during

laser stimulation. Therefore, the experiment was repeated using dry ice (solid carbon dioxide, =78 °C).
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The photos (Figure 4) of the MgO:LizoCeo.060:5mo0.06% sample were taken under the same conditions
as the photographs of the samples above and are arranged here in the same order. Photographs 2, 4(1),
and 4(2) show a purple glow coming from the laser beam because the camera settings were slightly
adjusted for this experiment (aperture /0, exposure time 30 s, [ISO-6400, manual exposure mode, and
manual white balance). The reflected NIR radiation from the laser looks purple, because the camera’s
blue and red pixels also detect NIR. In photographs 4(1) and 4(2), the emission of the sample is
noticeable, which confirms that the synthesized samples have OSL properties. It is also interesting
that at different ISO values but under identical photographic conditions and parameters, two different
emissions are noticeable: at [ISO-6400 (4(1)) white, and at ISO-800 (4(2)) orange. In theory, this can
be explained by the fact that at ISO-6400, the camera matrix significantly amplifies both the "desired"
photo signal and noise. Therefore, the orange glow could be "lost" against the background of noise
and looks like a distorted, discolored white glow in the photo. However, when the sensitivity is
reduced to ISO-800, it is easier for the matrix to capture and correctly convey the actual shade of the
orange glow.®>"® Thus, it is possible that by lowering the ISO value, the photographs of the samples
in Figure 3 would also show a more reddish-orange emission. To prove or disprove that, the

experiment must be repeated.

An attempt to measure the OSL emission spectra was also made, but it was unsuccessful. However,

based on the OSL emission spectrum recorded by Oliveira et al.*°

, which was obtained by scanning a
MgO:LiCeSm sample during stimulation with 700 nm light after its preliminary irradiation with 30
Gy X-rays, it can be assumed that white OSL emission may indeed appear depending on the intensity
of the emission bands. Since the emission spectrum consists of two broad emission bands with
maxima at 480 nm and 517 nm, and four narrow, sharp emissions at approximately 574, 583, 610,

and 627 nm.

2 3
| -

Figure 4. MgO:Liz»Ceo.06%Smo.os% sample. 1: in the dark room, 2: under laser stimulation, 3: in the dark after X-ray irradiation, 4(1):

under laser, after X-ray irradiation, ISO-6400, 4(2): under laser, after X-ray irradiation, ISO-800, 5: under room lighting.

PL emission spectra of all synthesized samples were recorded under both 254 nm and 450 nm
excitation. Figure 5 shows the PL emission spectra of selected samples for ease of interpretation,

since for most samples the emission maxima and their intensity coincide. The excitation spectra of
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the presented samples are provided in the supporting information (Figure S1). Thus, the undoped
MgO shows weak emission at 680 nm under 254 nm excitation and a broad, weak emission band with
two maxima at 700 and 721 nm under 450 nm light excitation. At the same time, the
MgO:Ceo.120:Smo.12% sample exhibits a weak emission in the 550—650 nm range under 254 nm
excitation, as well as a relatively intense broad emission band of 650—800 nm with two narrow
emission peaks at 700 and 721 nm and three more maxima at 680, 690 and 712 nm, excited by 450
nm light. It is noticeable that the addition of Li" ions into the MgO host material significantly
increases the emission intensity in the 550—700 nm range under 254 nm excitation but does not affect
the emission in the 650—800 nm range, excited by 450 nm light. Upon excitation at 254 nm, the
doped samples exhibit intense emission bands with maxima at 577, 590, 611, 625, 655, 669, 681, 701,
and 721 nm. It is also noticeable that increasing the amount of Ce** and Sm** ions leads to an increase
in the emission intensity at 450 nm excitation. The discussion of the results is described at the end of

this chapter.
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Figure 5. PL emission spectra for undoped and doped MgO samples (left: Aex = 254 nm; right: Aex = 450 nm).

All synthesized samples were measured for cathodoluminescence to assess the luminescence
properties of the samples under high-energy electron beam excitation. This will allow us to determine
whether the obtained material has the ability to X-ray excited optical luminescence (XEOL) because
the energy of the electron beam is in the X-ray energy range. CL emission spectra are shown in Figure
6. It can be seen that under electron beam excitation, undoped MgO exhibits a weak emission at 740
nm and a broad emission band in the range from 1150 nm to 1550 nm, with a maximum at
approximately 1300 nm. Whereas the MgO:Ceo.12%Smo.12% sample shows weak emission in the
visible range from 550 nm to 700 nm with maxima at 583, 590, 618, 632 and 682 nm, as well as

intense emission in the NIR region, namely narrow emission bands at 948, 1009, 1090 nm and one
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broad emission band in the range from 1150 nm to 1550 nm. This may indicate that when the material
is doped with lanthanide ions, emission bands appear in the ranges of 550—700 nm and 900—1100
nm. It is also noticeable that doping the material with both Li" and lanthanide ions greatly enhances
the intensity of the emission bands in the 550—700 nm region and affects the appearance of an

emission band in the range from 450 nm to 550 nm with a maximum at 527 nm.

Further, when comparing samples with different concentrations of Ce*" ions, it was noted that the
emission intensity in the range from 450 to 550 nm is significantly higher in those samples that
contain a larger amount of Ce*". For example, the maximum emission intensity of the
MgO:Liz%Ceo.03%Smo.os% sample is approximately 7000, while for the MgO:LizCeo.06%Smo.06%
sample it is around 23 000; for the MgO:Li24%Ceo.12%Smo.12% it 1s around 17 000, while for the
MgO:Liz49Ceo.24%Smo 24% it is around 41 000. This may indicate that the emission band in this range

can be attributed to the characteristic 5d—4f transition of the Ce** ion.

The same trend was observed for the emission bands in the range from 550 nm to 650 nm when
comparing samples with different concentrations of Sm*>" ions. For example, the emission intensity
of MgO:LizCeo.03%Smo.03% sample is approximately 24 000, while for MgO:Lize,Ceo.03%Smg.06% it
is approximately 37 500. In addition, it is noticeable that samples containing a larger amount of Sm**
ions have more intense emissions in the NIR region, namely at 980, 1010, and 1084 nm. However,
this trend is observed only for samples with a Li" ion concentration of 3—9%; for other samples, there
is no correlation between concentration and intensity. Thus, these results may indicate that emissions

in these ranges arise due to the presence of Sm** ions in the material.

Furthermore, it should be noted that the emission intensity in the 650—800 nm and 1200—1550 nm
ranges does not depend on the concentration of dopants in the material. The discussion of the results

is also described at the end of this chapter.
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Figure 6. CL emission spectra under a 12.5 keV electron beam excitation. Upper emission spectra: visible range and NIR region; lower
emission spectra: NIR region.

During the recording of the CL spectra, it was noticed that the doped samples had a red afterglow
immediately after the electron beam was switched off. This indicated that the material had PeL
properties after excitation by the electron beam. To confirm this fact the three photographs were taken
(Figure 7). The first photograph (a) was taken in the dark, the second one (b) shows the samples
under the electron beam, and the third (¢) shows the samples immediately after the electron beam was
switched off. In the second photograph (b), the visible emission of the samples coincides with the
recorded CL spectra. Thus, undoped MgO in the photo exhibits a violet emission, which is attributed
to the camera's perception and recording of NIR emission. The MgO:Ceo.120Smo.129 and
MgO:Lize,Ceo.06%Smo.06% samples show an orange glow, since their most intense emission bands are
in the range from 600 to 650 nm. At the same time, the other samples have a white glow, since their

emission bands are of approximately the same intensity and cover the entire visible range of the
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spectra. It is also noticeable that in the last photo (c), a red PeL emission is observed only for the

doped samples, while undoped MgO has no afterglow.

Figure 7. Photographs of samples MgO, MgO:Ceo.12%Smo.12%, MgO:LisnCeo.06%Smoos%, MgO:LiiznCeo.12%Smo.24%,
MgO:Lis%Ceo.06%Smo.06%, and MgO:Liz»Ceo.os%Smo.os% (listed from left to right, top to bottom): a. in the darkness, b. under a 12.5
keV electron beam excitation, c. after the electron beam is turned off.

PeL spectra were also recorded after excitation of the samples with a 12.5 keV electron beam for 40
s. The measurements were made immediately after switching it off, as the afterglow lasted a relatively
short time, approximately one second by eye. The exact PeL decay time cannot be indicated because
the duration of PeL was not measured. All PeL spectra are shown in Figure 8. These spectra differ
from CL spectra in that all emission intensities are many times lower and in that the intensity of the
emission bands in the 550—600 nm and 600—650 nm ranges is significantly higher compared to other
emission bands. Therefore, the red PelL emission is observed. No correlation was observed between

the emission intensities and the dopants concentrations.
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Figure 8. PeL emission spectra after excitation with a 12.5 keV electron beam.

From the obtained PL emission spectra with excitation at 450 nm light (Figure 5), it can be noted that
the narrow emission peaks at 690, 700, 712, and 721 nm correspond to the emissions of Cr*" ions in

oxide host matrix. Identical PL emission spectra with excitation at 450 nm can be observed in the
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publication presented by Ristic et al., in which Cr*" ions were doped into Mg>SiOs material.”!
Moreover, according to Guckan et al., chromium is one of the most common impurities in MgO, and
it often appears as a broad emission band at about 745 nm in the RL (radioluminescence) emission
spectra.” The same emission can be observed in the CL spectra of both undoped and doped MgO
(Figure 6). It is also possible that Cr*" ions produce a broad emission band at 1300 nm in the NIR
region.** Based on the measured XRF results (Table S2), it can be determined that the concentration

of chromium in the samples is very low, since the XRF device did not detect it.

In addition, based on the results of studies by Oliveira et al.® and Orante-Barron et al.”%, as well as
based on the obtained CL spectra (Figure 6), it can be concluded that the emission band in the range
from 450 nm to 550 nm with maximum at 525 nm and a shoulder at around 490 nm is due to the

5d—4f transition of Ce*.

Furthermore, it was determined that the narrow emission bands at approximately 948, 1009, and 1090
nm in the NIR region are due to the Sm** transitions. The NIR emission spectra obtained in this work
are similar to the PL emission spectra obtained by Bolton et al. after doping Sm>" into the tellurite
glass structure.” However, although the emission in the NIR region proves the presence of Sm** ions
in the host material, the emission bands in the visible range of 550—600 nm and 600—650 nm do not
correspond to the typical 4f-4f transitions of Sm** (Figures 5, 6). Numerous publications on the topic
of Sm*"-doped phosphors report that characteristic 4f-4f emission bands of Sm>" exhibit at
approximately 560, 600, and 650 nm.”*7¢ Similar results were presented by Kiran et al. in their study,
where they synthesized MgO:Sm>" phosphors and investigated their luminescence properties.
According to the recorded PL emission spectra under 404 nm excitation, the doped material shows
three emission bands at 566, 603, and 651 nm.® Slightly different results were obtained by Bishnoi
et al.; they also synthesized MgO doped with Sm** and Li* ions. According to their results, phosphors
doped with Sm*" and with both Sm®" and Li" ions exhibit emission bands at approximately 575, 585,
610, and 628 nm under 405 nm excitation.®® In addition, Xu et al. demonstrated
Na>CaSnxGe;012:Sm*" phosphors, which show PL emission at around 570, 580, 607, 620, 660, and
670 nm under 255 nm excitation.”” Based on the results obtained in the above studies, it can be
assumed that the emission bands at 577, 590, 611, 625, 655, and 669 shown in the PL spectra (Figure
5) also appear due to the 4f-4f transitions of Sm**. Moreover, it was noted that the collected CL
emission spectra (Figure 6) coincide with the RL spectra recorded by Oliveira et al., both with doping
of Sm*" and with doping of Li", Ce*", and Sm?" ions. This also confirms that the four narrow
emissions at 583, 590, 618, and 632 nm are due to the 4f-4f transition of Sm**. However, for more

precise conclusions, further studies and detailed experimental measurements are required.
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Based on the obtained results, it was noted that the presence of Li" ions in the material improves the
luminescence properties of the MgO phosphor, which once again confirms that doping of trivalent
ions into a divalent matrix requires the presence of a monovalent ion in the matrix as a charge

compensator.

Thus, during the first part of the work, the doped MgO samples were successfully synthesized.
Successful doping of Li*, Ce*", and Sm*" ions was confirmed by the preservation of the MgO structure
and the appearance of characteristic luminescence properties. The obtained samples exhibited good
TL properties, demonstrated the ability for OSL, and showed intense emission in both the visible
range and the NIR region under 12.5 keV electron beam excitation. In addition, the doped samples
show a red PeL emission after electron beam excitation. All these properties of the doped MgO

samples demonstrate their potential for NIR optical imaging.

It should also be noted that the MgO:Lii29%Ceo.129Smo.242 sample was chosen for doping to the glass
structure due to its good TL and OSL properties, intense red PeL, and strong CL emission in both the
red and NIR regions. In addition, to determine the preservation and efficiency of the luminescence
properties of the phosphor after doping into the glass matrix, the optical properties of the fabricated
glass-phosphor composites and doped 3D scaffolds were measured and then compared with the

results of the MgO:Lii20,Ceo.120:5mp 249 sample.

3.1.1 3D-printed scaffold doped with MgO:Lii2% Ceo.129Smo.24%,

Doped 3D scaffolds were printed using a 3D printer and a special ink, which consists of glass powder
(30 vol%), MgO:Lii29%Ceo.120Smo 242 powder (10 wt%), and Pluronic E-127 binder acid (70 vol%).
The obtained 3D scaffolds were first heated and then sintered in a furnace. A more detailed process
of preparing 3D scaffolds is described in Table S1 in the supporting information. For the
measurement of XRD, TL, and PL, the 3D scaffolds were ground into powder to facilitate the
measurement process. Other measurements were conducted using the bulk 3D scaffolds. All
measurements were performed using the same parameters, instruments, and settings as for the powder

samples.

Figure 9 illustrates the process and result of 3D printing. The second photograph (b) shows 3D
scaffolds of good quality and shape, while the last one (d) shows shapeless 3D scaffolds, which were
obtained using ink made with the addition of phosphor. This can be explained by the fact that during
3D printing, the ink was extruded out of a syringe fitted with a nozzle of a certain size, and the
relatively large particle size of the added phosphor led to frequent clogging of the nozzle. Therefore,

it was decided to extrude the ink directly from the syringe, allowing for the measurement and
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comparison of the luminescence properties after sintering. In the future, it is necessary to take into

account that the size of phosphor crystals should be as small as possible.

Figure 9. a. 3D printer; b. example of good 3D-printed scaffolds; e. syringe with ink for 3D printing; d. shapeless 3D scaffolds.

The XRD pattern of powdered 3D scaffold (Figure 10, left) shows the presence of both crystalline
and amorphous phases. The crystalline phase corresponds to the characteristic MgO reflections, while
the presence of the amorphous phase is explained by the glass particles. The TL glow curve of the 3D
scaffold (Figure 10, right) exhibits two TL glow peaks at 190 °C and 298 °C, which also correspond
to the TL glow of the MgO:Lii29%Ceo.129.Smo 240 sample. However, the intensity of the TL emission

of the 3D scaffold is noticeably weaker because the concentration of phosphor is very low.
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Figure 10. XRD patterns (left) and TL glow curves (right) of MgO:Li12%Ceo.12%Smo.24% sample and 3D-printed scaffold (powdered).

PL emission spectra of the powdered 3D scaffold (Figure 11) were recorded under both 254 nm and
450 nm excitation. It is noticeable that upon excitation with 254 nm light, the PL spectrum exhibits
two emission bands with maxima at 585, 610, and 625 nm, which correspond to the emissions of the
phosphor. Whereas under 450 nm excitation, the 3D scaffold does not exhibit emission from

chromium impurities. However, under both 254 nm and 450 nm excitation, the PL spectra show a
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Figure 12. CL emission spectra MgO:Lii%Ceo.122Smo24% and 3D-printed scaffold in both visible (left) and NIR (right) regions.

Furthermore, photographs of 3D scaffolds were taken under different conditions to demonstrate other

optical properties. All photographs are collected in

Figure 13. It can be seen that the second

photograph (b) shows a 3D scaffold with orange luminescence coming from phosphor particles under

a 12.5 keV electron beam. After turning off the electron beam, red PeL emission is also noticeable

(¢). The last two photographs (d, e) were taken in an attempt to detect OSL properties in doped 3D
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scaffolds in the same way as in doped MgO samples. In both photos, 3D scaffolds were stimulated
with a 980 nm laser (without (d) and after (e) X-ray irradiation). It is interesting that in both cases, a
bright green luminescence is noticeable, which indicates the absence of OSL properties, but shows
the appearance of upconversion luminescence in the doped 3D scaffold. The origin of the

upconversion was not studied further.

a. b. "

Figure 13. 3D scaffolds doped with MgO:Lii2%Ceo.1224Smo.24% powder: a. under room lighting, b. under electron beam excitation, e¢.

PeL after electron beam excitation, d. under 980 nm laser stimulation (without X-ray pre-irradiation), e. under 980 nm laser stimulation,
after X-ray irradiation (OSL).
Thus, it can be concluded that the luminescence properties of the phosphor are preserved after

sintering with glass particles, except for the OSL properties.

3.1.2 Glass-phosphor composites doped with MgO:Li122 Ceo.129Smo.24%

The same MgO:Lii2Ceo.120Smo 24% sample was doped into the phosphate glass by three different
methods described in Table S1. The names of the doped glass samples correspond to their fabrication
methods, namely Remelt, DDM, and Sandwich. The PL and CL spectra were measured for all the

fabricated glass-phosphor composites.

It is interesting that the PL emission spectra of Remelt and DDM glass-phosphor composites under
361 nm excitation demonstrate three emission bands at 560, 600, and 650 nm (Figure 14), which
correspond to typical 4f-4f transitions of Sm’" ions, in contrast to the PL emission of doped
phosphor.®® This may indicate that doping of phosphor into the glass matrix has a positive effect on
the luminescence properties of doped MgO and somehow affects the luminescence centres of Sm**
ions. Further research is needed to make more accurate conclusions. However, the PL emission from
Sm*" of the Sandwich glass sample coincides with the emission of the phosphor under 254 nm
excitation, which can be explained by the fact that the phosphor is located between two glass layers
and is not directly doped into the glass matrix. Also, this glass sample exhibits a broad emission band
in the range from 400 nm to 700 nm, probably emitted from the glass matrix under 254 nm

excitation.”®
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Figure 14. PL emission spectra of MgO:Lii2%Ceo.12%Smo.24% powder and glass-phosphor composites.

Figure 15 contains photographs visually illustrating other optical properties of the glass-phosphor
composites. The photographs in the first column demonstrate doped glass samples under room
lighting, while the second column shows samples under a 12.5 keV electron beam excitation. It is
noticeable that the glasses have an orange-red emission. The third column shows that after switching
off the electron beam, the glass samples demonstrate red PeLL emission, which lasts visually longer
than that of phosphors. It is also noticeable that Remelt glass demonstrates uniform glow, while the
other two glass samples show emission only where the phosphor is concentrated the most. The
experiment to identify OSL properties in glass samples was also repeated. The photographs in the
fourth column show glasses that were pre-irradiated with X-rays and stimulated with a 980 nm laser
during photography. No glow is visible, so it can be said that OSL properties also disappear after
doping the phosphor into the glass matrix.
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Figure 15. Row a: Remelt glass; row b: DDM glass; row ¢: Sandwich glass. Column 1: under room lighting; column 2: under electron
beam excitation; column 3: PeL after electron beam excitation; column 4: OSL experiment (under 980 nm laser stimulation, after X-
ray irradiation).

In addition, the CL emission spectra of doped and undoped (reference) glass samples were recorded
under excitation of a 12.5 keV electron beam. All collected spectra are shown in Figure 16. In the
emission spectra of the Remelt and DDM glass samples, three emission bands are noticeable at 600,
650, and 700 nm, probably corresponding to transitions of Sm*" ions.®> The emission intensity in the
range of 450—550 nm significantly decreased, and a new emission band in the range from 300 nm to
450 nm appeared. It is noticeable that there is a weak emission in the same range in the CL spectrum
of the reference glass, which may indicate that the new emission comes from the glass matrix, but
there is also a possibility that it is due to Ce*" ions.” In the NIR region, CL emission at 950 nm
exhibits only in the Remelt glass sample. Sandwich glass shows emission similar to that of

MgO:Lii29Ceo.120:5mo.24% because the phosphor has not been directly doped into the glass matrix.
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Figure 16. CL emission spectra of MgO:Lii2%Ceo.12%Smo.24% powder and glass-phosphor composites in both visible and NIR regions.

Thus, it can be concluded that the fabricated glass-phosphor composites preserve and to some extent
improve the luminescence properties of the doped phosphor. According to the collected CL spectra,
it is evident that the luminescence intensity is noticeably weaker, but this is explained by the low
concentration of phosphor in the glass matrix (2.5—5 wt%). It is also possible that with higher-energy

excitation, the emission intensity will become much stronger.

3.2 Mg14Ges024 (MGO) phosphor

During this part of the work, seven batches of MGO samples doped with different dopants (Cr*”,
Mn*, Ho®", Yb*', Nd**, Tm*") were synthesized. The batches with co-doping of Cr** and Ln*" (Ho,
Tm, Nd) ions did not show any significant results; therefore, they will not be included in this work.
Whereas doping of Mn**, Cr*" and Yb*" improved and modified the luminescence properties of the
phosphor. However, at the time of fabrication of glass composites and 3D scaffolds, only two batches

of MGO samples doped with Cr** and co-doped with Cr** and Mn*" were synthesized. Therefore, the
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best sample from each batch was selected for doping into the glass matrix. In this part of the work,
the obtained results of samples from the first two batches are described; however, the most important
CL emission spectra of samples from other batches were collected in Figure S2 in the supporting

information.

As with the first material, undoped MGO was first synthesized as a reference sample. To confirm the
success of synthesizing the desired material, the XRD pattern of the undoped sample was measured
and subsequently compared with the reference XRD patterns from the ICDD PDF-4+ reference
database. Both diffractograms are shown in Figure 17, and since they are identical, it can be
concluded that the synthesis was successful. The Mgi4GesO»4 reference diffractogram number is 04-

010-1371.
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Figure 17. XRD patterns of Mgi4GesO24.

3.2.1 MGO:Crxe batch

MGO samples of the first batch were doped with different concentrations of Cr*" ions from 1% to
19%. The diffractograms shown in Figure 18 were measured for all synthesized samples. The

presence of only one main phase was detected, which may indicate successful doping of the Cr** into

the host matrix.
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Figure 18. XRD patterns of MGO doped with different concentrations of Cr3*.

In addition, the PL emission spectra were recorded for all samples excited by 302, 420, 670, and 730
nm light (Figures 19-21). The undoped sample exhibits emission in the range from 600 nm to 700
nm, centered at 630 and 660 nm, under 302 and 420 nm excitation. According to Xue et al., emission
in this range occurs due to d-d transitions of Mn*" ions in the MGO host phosphor.*® Weak emission
in the NIR region is also observed under 420 and 730 nm excitation, which may indicate the presence
of chromium impurities in the host matrix.%” According to the XRF measurement results from Table
S3, it can be seen that undoped MGO contains a small amount of both manganese and chromium

impurities, which can directly affect the luminescence properties of the undoped host material.

The PL spectra of the doped samples also show intense red emission in the range from 600 nm to 700
nm under 302 and 420 nm excitation (Figures 19a and 20). This may also indicate the presence of
manganese impurities, which is confirmed by the XRF results from Table S3. It can be noted that
with an increase in the concentration of Cr** ions in the host matrix, this emission is gradually
quenched. The same trend can be seen in the photograph of the doped samples, which exhibit red
emission under 302 nm UV lamp excitation (Figure 19¢). In addition, under excitation at 420 nm,
the doped samples exhibit two emission bands of 700—1000 nm and 1100—1600 nm in the NIR region
(Figure 20). According to Wang et al., the first emission is due to the d-d transitions of Cr** ions,
while the presence of the second emission indicates the formation of Cr** ions during the synthesis.®’
From the PL spectra, it is noticeable that with an increase in the concentration of Cr ions, the intensity
of both NIR emissions increases.
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Figure 19. PL (hex = 302 nm) and PLE (Aem = 660 nm) spectra of MGO doped with different concentrations of Cr** (a). Photographs
of samples under room lighting (b) and under UV lamp (302 nm) excitation (c).
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Figure 20. PL emission spectra in both the visible range (left) and the NIR region (right) under 420 nm excitation.

It is significant for this work that the samples demonstrate emissions in the NIR-II region under 670
and 730 nm excitation (Figure 21), since this material can be used as a phosphor for the fluorescence
NIR imaging. An increase in the emission intensity at 1300 nm can also be observed with increasing

concentration of chromium ions in the host matrix.

The quenching of Mn** emission in the range from 600 to 700 nm could be explained by the fact that
Mn**, along with both Cr***" ions, tends to replace Ge*' ions in the host matrix**; therefore, with an
increase in the concentration of Cr ions, more of their luminescence centers are formed. At the same

time, Mn*" will have fewer free Ge*" vacancies.
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Figure 21. NIR PL emission spectra under 670 nm (left) and 730 nm (right) excitation.

Additionally, CL emission spectra were recorded under 12.5 keV electron beam, but for some samples
with very intense emission, the electron beam power was reduced (Figure 22). The CL spectra show
a broad band of intense emission in the range from 600 to 1100 nm with maxima at 750 and 910 nm,
as well as weak emission at 1250 nm for samples with a Cr concentration of > 5%. According to Zeng
et al., the broad band of RL emission in the range from 650 to 1200 nm also corresponds to transitions
of Cr** ions.®! The most intense emission is observed for the MGO:Cri% and MGO:Crsv, samples,
while for the MGO:Crye, (x > 5%) samples, the emission in the NIR-I region is gradually quenched,
which can be explained by concentration quenching. The most intense emission in the NIR-II region

is observed for the MGO:Cr7¢, and MGO:Crio, samples.
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Figure 22. CL emission spectra in both the visible range (left) and the NIR region (right) under electron beam excitation.

Thus, based on the obtained results, it can be conclude that Cr-doped MGO is a promising candidate

as a phosphor for both fluorescence and X-ray excited NIR imaging. For doping into the glass matrix,
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the MGO:Cri99 sample was chosen because it showed the most intense emission in the NIR-II region
under NIR light excitation. Whereas, for co-doping with Mn** ions, the MGO:Crio% sample was

selected because it showed the weakest emission in the NIR-I region under electron beam excitation.

3.2.2 MGO:Cr10%Mnx, batch

In an attempt to improve the luminescence properties in the NIR region, MGO:Criov phosphor was
doped with Mn*" ions with different concentrations from 0.5% to 2%. The XRD patterns were
measured for all synthesized samples (Figure 23); they also showed the presence of only the MGO
phase.
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Figure 23. XRD patterns of MGO:Crio samples doped with different amounts of Mn** ions.

The PL emission spectra of all samples were recorded under 302, 420, 670, and 730 nm excitation
(Figures 24-26). The samples of the second batch also exhibit three emission bands in the ranges of
600-700 nm, 700-1000 nm, and 1100-1600 nm.

It is noticeable that under 302 nm excitation, the samples have a bright red emission, the intensity of
which increases with increasing concentration of Mn** ions in the phosphor (Figure 24). The same
tendency is observed for the samples under 420 nm excitation (Figure 25). Emission at 660 nm refers
to d-d transitions of Mn*" ions, as was already mentioned above. Therefore, an increase in its intensity
with increasing concentration (up to an acceptable limit) is logical. In addition, it is noticeable that
under 420 nm excitation, the emission intensity in the range of 700—1100 nm also increases with
increasing Mn*" concentration. However, in the NIR-II region, in contrast, it weakens for samples

with a Mn concentration of > 1%.
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Photographs of samples under room lighting and 302 nm UV lamp excitation
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Figure 25. PL emission spectra in both the visible range (left) and the NIR region (right) under 420 nm excitation.

The PL emission spectra (Figure 26) of the samples excited by NIR light show weakening of the

emission intensity with increasing Mn*" concentration. The same trend can be noticed in the CL

emission spectra shown in Figure 27. With an increasing concentration of Mn** ions, the emission in

the NIR-I region increases while in the NIR-II region it decreases.

Thus, it can be assumed that the emission increase in the range from 700 to 1000 nm with an increase

in the concentration of Mn*" ions in the host matrix may be associated with the energy transfer from

the Mn*" to Cr**,%? or the presence of Mn*' in the matrix can somehow facilitate the formation of

active luminescence centers of Cr>*. While the weakening of the emission in the NIR-II region may

be because the presence of another tetravalent ion in the host matrix can limit the formation of Cr**
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ions during synthesis, thereby reducing their concentration, at the same time more Cr’* ions are

formed, which can also be the reason for the increase in the emission intensity in the NIR-I region.
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Figure 26. NIR PL emission spectra under 670 nm (left) and 730 nm (right) excitation.

60000 -

50000 -

)

40000 ~

I(a.u

30000

20000

10000 -

CL, 12.5 keV
MGO:Cr,, Mn
X =0%
0.5%
0.75%
1%
1.5%
2% (2.5 k

400

eV)

T
600 800

A (nm)

T
1000

I(a.u.)

1600 ~

1400

1200 A

1000 A

800

600 -

400 ~

CL, NIR region, 12.5 keV
MGO:Cr

10°/oMnX%

X =0%
0.5%
0.75%
1%
1.5%
2%

200 |

T T T 1
1200 1400 1600 1800

A (nm)

T
1000

Figure 27. CL emission spectra in both the visible range (left) and the NIR region (right) under electron beam excitation.

Based on the obtained results, it can be concluded that Mn*" improves the luminescence properties of

MGO:Cri0% phosphor, but only in the NIR-I region. The samples of this batch with high

concentrations of Mn*" ions could be used as phosphors for X-ray excited NIR imaging because they

show intense emission in the NIR-I region under electron beam excitation. However, the sample with

the lowest Mn*' concentration was chosen for doping into the 3D scaffold since it showed relatively

intense emission in both NIR-I and NIR-II regions.

3.2.3 3D-printed scaffolds doped with MGO phosphors

For doping into the 3D scaffold’s structure, the two best samples from the first two batches were

selected: MGO:Cri9 and MGO:Cri0%Mno.se%. As in the case of the previous material, Figure 28

35



contains photographs demonstrating the 3D printing ink (a), the 3D printing process (b), and the
printed doped 3D scaffolds (¢, d). It can be seen that the shape of the printed 3D scaffolds is also far
from ideal, indicating that the crystal sizes of both phosphors were too large for the used nozzle.
However, a couple of 3D scaffold samples doped with MGO:Cri0%,Mno 5% were successfully printed

using proper print settings for the prepared ink (¢).

Figure 28. a. Syringe with the ink for 3D printing; b. 3D printer; ¢. 3D scaffolds doped with MGO:Cri0%Mno.s% ; d. 3D scaffold doped
with MGO:Cri9%.

To measure the XRD patterns and PL properties of the doped 3D scaffolds, they were ground into
powder. In the measured diffractograms (Figure 29), two phases are visible: amorphous and
crystalline. The most intense reflections of the crystalline phase coincide with those of the MGO

phase, while the presence of the amorphous phase confirms the presence of glass in the 3D scaffolds.
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Figure 29. XRD patterns of 3D scaffolds doped with MGO:Cri0%Mno.s% sample (left) and with MGO:Cri9% sample (right).

In addition, the PL emission spectra of the powdered 3D scaffolds were recorded and are collected in
Figures 30 and 31. The PL spectra of the 3D scaffold doped with MGO:Cr10%Mno s¢, exhibit weak
emission in the range from 620 nm to 670 nm, excited by 302 nm light. The emission in this range

corresponds to the emission of the phosphor itself. It is also noticeable that under 302 and 420 nm
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excitation, the emission in the NIR-I region (700—1000 nm) is preserved. Whereas, under NIR light
excitation, the emission intensity in the range of 1100—1600 nm noticeably weakens. The weakening
of the emission can be explained by the fact that the concentration of the phosphor in the 3D scaffold
is very low (10 wt%).
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Figure 30. PL emission spectra of MGO:Cri0%Mno.s% and powdered 3D scaffold doped with MGO:Cri0%Mno.5%.

The PL spectra of 3D scaffold doped with MGO:Cr199, show emission that is completely consistent
with the emission of the phosphor under UV excitation. NIR light-excited emission in the NIR-II

region is also present, but it is noticeably weaker.
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Figure 31. PL emission spectra of MGO:Cri9% and powdered 3D scaffold doped with MGO:Cri9v.

Figure 32 shows photographs of doped 3D scaffolds under room lighting (a, ¢) and under electron
beam excitation (b, d). The 3D scaffolds under 12.5 keV electron beam excitation exhibit a violet
glow, which is attributed to the camera's perception and recording of NIR emission. In addition, the

recorded CL emission spectra of both bulk 3D scaffolds are shown in Figures 33 and 34. It can be

37



seen that they coincide with the CL spectra of phosphors, but the exhibited emission is noticeably

weaker.

Thus, based on the obtained results, it can be concluded that the luminescence properties of the
phosphors were preserved after sintering with glass powder. Good results were demonstrated by 3D

scaffolds doped with MGO:Cri99 phosphor.

Figure 32. 3D scaffolds doped with MGO:Cri0%Mno.s% (a, b): a. under room lighting, b. under electron beam excitation; 3D scaffold

doped with MGO:Cri9% (¢, d): ¢. under room lighting, d. under electron beam excitation.
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3D scaffold 8007 3D scaffold
woos ] MGO:Cr Mn 7001 MGO:Cr,,,Mn, 5,

10000

T T T T T T T T N T T T T 1
200 400 600 800 1000 800 1000 1200 1400 1600 1800
A (nm) A (nm)

Figure 33. CL emission spectra of 3D scaffold doped with MGO:Cri0%Mno.s% in both the visible range (left) and the NIR region (right)

under electron beam excitation.
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Figure 34. CL emission spectra of 3D scaffold doped with MGO:Cr19% in both the visible range (left) and the NIR region (right) under

electron beam excitation.

3.2.4 Glass-phosphor composite doped with MGO:Cri9

The MGO:Cr19% sample was doped into the phosphate glass matrix by the DDM method. The PL
and CL properties of the fabricated glass-phosphor composite (DDM glass) were measured and
described in this chapter.

All recorded PL spectra of DDM glass, reference glass, and phosphor are shown in Figure 35. When
comparing the spectra of these three samples, it is noticeable that DDM glass exhibits emission
identical to that of phosphor under both UV and NIR excitation. However, the emission intensity in

the NIR-II region is noticeably weaker.
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Figure 35. PL emission spectra of the DDM glass sample doped with MGO:Cr19v.

Figure 36 shows photographs of the DDM glass sample under room lighting (a), under electron beam
excitation (b), and after its turning off (¢). In the first photograph, it can be seen that part of the

phosphor was not doped into the glass matrix but remained on the glass surface. Therefore, under
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electron beam excitation, a bright red emission identical to the emission of the phosphor itself can be
seen. It is also interesting that even though the phosphor does not demonstrate PeL properties, an
orange PeL emission was noticeable after electron beam excitation in places where it was doped into

the glass.

Figure 36. DDM glass sample doped with MGO:Cri9%: a. under room lighting; b. under electron beam excitation; ¢. PeL after electron
beam excitation.

In addition, Figure 37 shows the recorded CL emission spectra, which demonstrate that the emission
of glass and phosphor is identical in both NIR-I and NIR-II regions. It is also interesting that the
emission intensity in the NIR-II region of DDM glass is stronger than that of the phosphor itself.

Thus, it can also be said that after doping MGO:Cri9y phosphor into the glass matrix, the
luminescence properties were not only preserved but also modified. It was found that the doped DDM
glass shows orange PeL emission after electron beam excitation, and that the CL emission of the
doped glass is more intense than that of the phosphor itself. However, it is also worth noting that the
DDM method for fabricating glass-phosphor composites is not effective, since the distribution of
phosphor powder in the glass matrix is not uniform, and it simply accumulates in one place either

inside the glass sample or on the surface, which also leads to the destruction of its structure.
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Figure 37. CL emission spectra of DDM glass sample doped with MGO:Cri9% in both the visible range (left) and the NIR region (right)

under electron beam excitation.

4. Conclusion
Based on all the obtained results, it can be concluded that all the aims of this research project were
successfully achieved. During the first part of the work, MgO samples doped with Ce**, Sm**, and
Li" ions were successfully synthesized. The luminescence properties of the doped samples were
improved by varying the dopants concentration in the host material. The most significant effect was
exerted by increasing the concentration of Li" ions, since they facilitated the doping of lanthanide
ions into the host matrix, acting as charge compensators. All doped samples had TL, OSL, PL, CL,

and PeL properties. The most promising results were demonstrated by CL and PeL emission spectra.

MgO:Lii29Ceo.120:5mo.24% sample with the best luminescence properties was successfully doped into
the NaPSrO glass matrix and the 3D scaffolds. However, it is worth noting that in the future, it is
necessary to take into account that the size of the phosphor crystals should be as small as possible to
achieve successful printing of 3D scaffolds using a 3D printer. Glass-phosphor composites were
fabricated using three different methods, each with its advantages. However, based on the results, it
can be stated that the remelt method is the most promising for this project. The glass sample fabricated
by this method demonstrated uniform emission and improved luminescence properties. In general,
all fabricated glass-phosphor composites and doped 3D scaffolds exhibited similar optical properties
to those ofthe original phosphor, except for OSL. It was noted that the fabricated samples also showed
good CL and PeL properties in the red and NIR regions, which may indicate the potential of the

obtained biophotonic glasses in the NIR X-ray excited luminescence imaging.

During the second part of the work, seven batches of MGO samples doped with different ions at
different concentrations were synthesized. Doping with such ions as Tm**, Ho*" and Nd** did not
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show any effect on the luminescent properties of this phosphor. Whereas doping with Cr**#*, Mn**,

and Yb*" ions significantly improved and modified the optical properties of the host material. MGO
phosphor, in contrast to the first material, demonstrated good PL and CL properties in both NIR-I and
NIR-II regions.

Of great importance for this project was the fact that, excited by the NIR light, MGO samples doped
with Cr** ions exhibited PL emission in the NIR-II region. It was also promising that co-doping with
Cr’* and Mn*" ions helped enhance CL emission in the NIR-I region. Doping the host material with
Yb*" ions added another intense emission band in the range from 900 to 1100 nm (Figure S2), which

also significantly improved both the PL and CL properties of the phosphor.

From the first two batches, the two best samples were selected and doped into the 3D scaffolds and
the NaPSrO glass matrix. Based on all the measured results, it can be concluded that the fabricated
glass-phosphor composite and doped 3D scaffolds have the same luminescence properties in the NIR
region as the original phosphors, which also makes them potential candidates for the role of

biophotonic implants.

However, for more accurate conclusions, a series of additional studies and experiments is required.
First, it is necessary to measure the luminescence properties of glass-phosphor composites and doped
3D scaffolds through biological tissue (chicken breast) to determine the depth of light penetration and
the emission intensity of the biophotonic implants. Second, to study the effect of doped phosphors on
the host body. Finally, to investigate the bioactivity and biodegradation of the glass composites in
biological fluids. All of the experiments mentioned above have already been conducted for the glass-
phosphor composites doped with MgO phosphor and will be described in detail in the scientific

publication. The results will be available after the article is published.
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Supporting information

Table S1. Methods for the fabrication of glass-phosphor composites and phosphor-doped 3D scaffolds.

Phosphors Glass- Methods
phosphor
composites
MgO: 3D-printed | Doped 3D scaffolds were printed using a nScrypt 3Dn-
Lii29%Ceo.1263mo 249 | scaffolds tabletop printer by the robocasting method. For that, special

inks were prepared consisting of glass powder (30 vol%),
phosphor powder (10 wt%), and Pluronic F-127 binder acid
(70 vol%).

First, the calcium phosphate glass (45P2,05-2.5B>03-2.5S10>-
10Na;O-20Ca0-10SrO-10MgO) was crushed into a powder
MGO:Cri0%Mno 5 with particle sizes < 38 pum, then phosphor was added to the
glass powder. After cooling, the glass-phosphor powder was
mixed with a Pluronic F-127 binder acid, and then the
resulting mass was transferred to a syringe, which was
subsequently inserted into a 3D printer. Then, to obtain good
samples, the most suitable flux and speed parameters for each
of the inks were selected. However, because the size of the
MGO:Cri9v; phosphor crystals was larger than the nozzle hole, it often
clogged. Therefore, some 3D scaffolds were directly
extruded from the syringe or printed in a deformed state.
After that, to burn the Pluronic acid, the printed 3D scaffolds
were heated to 440 °C for 1 h at a heating rate of 1 °C/min.
Finally, they were sintered at 550°C for 1 hour, with a heating
rate of 5°C/min.

MgO: Remelt glass | Glass with the following composition 50P20s5-40SrO-
Lii2¢.Ceo.129%Smg 249 10Na;O (NaPSrO) was used as a glass matrix. The remelt
method was used to produce the glass-phosphor composite.
First, 10 g of a mixture of glass powder and phosphor (5
wt%) was prepared. Then it was melted in a furnace at 950 °C
for 7 minutes. The molten mass was poured onto a steel disk
to quench. After that, the glass sample was annealed at
400 °C for 6 hours.
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Sandwich
glass

The sandwich glass-phosphor composite was obtained in
several stages. First, the phosphor was placed on a steel disk
in a special form lined with steel rods. Then, the previously
melted NaPSrO glass was poured into this form. After the
powder adhered to the glass, it was turned over, and the
second part of the molten glass was poured on top of the
phosphor layer. As a result, a so-called sandwich was formed
from two layers of glass and a layer of phosphor between
them. Subsequently, the glass was annealed at 400 °C for 6
hours.

DDM glass

MGO:Crioy

DDM glass

The direct doping method (DDM) was used to produce these
two glass-phosphor composites. Based on the name of the
method, phosphor (2.5 wt%) was directly added to the molten
NaPSrO glass. Before this, 10 g of glass precursors were
melted in a furnace at 1050 °C for 20 minutes. Then, the
molten mass with added phosphor was poured onto a steel
disk for quenching. Subsequently, the obtained glass samples
were annealed at 400 °C for 6 hours.

Table S2. XRF results of doped MgO phosphors

Doped MgO Compounds/ Concentration (%)

phosphors Mg | Ce | Sm | Na Si Cl | Ca | Br | Al | Sr
MgO:LizCeo.03%Smo.03% | 94.13 | 0.30 | 0.40 | 3.62 | 0.45 | 0.65 | 0.18 | 0.16 | - -
MgO:LizCeo.03%Smo.06% | 95.03 | 0.35 | 0.90 - 2531059053 - - -
MgO:LizCeo.06%Smo.03% | 83.30 | 0.42 | 0.27 | 14.27 | 1.40 | 0.32 | - - - -
MgO:Lize,Ceo.06%5mo.06% | 83.37 | 0.42 | 0.50 | 13.99 | 1.38 | 0.32 | - - - -
MgO:Lig,Ceo.0305mo.03% | 83.66 | 0.22 |1 0.29 | 13.58 | 1.57 | 0.34 | 0.31 | - - -
MgO:Lig,Ceo.03005mo.06% | 82.62 | 0.20 | 0.51 | 14.58 | 1.43 | 0.35] 0.29 | - - -
MgO:Lig,Ceo.06%5mo.03% | 90.32 | 0.67 | 0.36 | 5.78 | 2.14 | 042 | - - - -
MgO:Lig,Ceo.06%5mo.06% | 83.52 | 0.42 | 0.54 | 13.34 | 1.50 | 0.32 | 0.31 | - - -
MgO:Lige,Ceo.06%5mo.06% | 90.60 | 0.58 | 0.60 | 5.46 | 1.87 | 0.42 | - - 1022]0.12
MgO:Liz%Ceo.12%5mo.122 | 86.78 | 1.08 | 1.05 | 9.28 | 0.52 | 0.72 | 0.15 | 0.17 | 0.12 | -
MgO:LizwCeo.12065mo24% | 88.48 | 0.99 | 2.24 | 597 | 1.77 | 040 | - - - -
MgO:Liz%Ceo.24%Smo.120, | 86.22 | 1.37 | 0.82 | 10.98 | 0.32 | - | 0.11 - - -
MgO:Liz%Ceo.24%Smo24% | 92.57 | 2.13 | 2.10 | 2.10 | 047 | - ]0.16 | - - -
MgO:Lix4%Ceo.12065mo.122 | 88.84 | 0.99 | 1.06 | 7.02 | 1.71 | 0.36 | - - - -
MgO:Liz49Ceo24%Smo24e, | 87.03 | 1.94 | 2.18 | 6.54 | 1.71 | 0.39 | - - - -
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Figure S1. PLE spectra of doped MgO samples.
Table S3. XRF results of doped MGO phosphors.
Doped MGO Compounds/ Concentration (%)
phosphors
Mg Ge Cr Mn
MGO 44.53 55.46 260.00 ppm 214.00 ppm
MGO:Criv 45.94 53.97 760.00 ppm 70.01 ppm
MGO:Crav 46.70 53.10 0.20 191.10 ppm
MGO:Crsy 47.75 51.94 0.32 214.20 ppm
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MGO:Cr7 48.30 51.01 0.67 248.90 ppm
MGO:Cr1o% 50.26 49.13 0.58 234.60 ppm
MGO:Cr13% 33.02 66.02 0.97 345.80 ppm
MGO:Cri99 49 .48 49.14 1.38 202.80 ppm
MGO:Cr10%Mng 5% 4392 55.38 0.64 640.10 ppm
MGO:Cr10%Mng 75% 50.49 48.72 0.73 636.50 ppm
MGO:Crio%Mnj o 50.46 48.66 0.74 0.13
MGO:Crio%Mnj 5% 51.25 51.33 0.92 0.26
MGO:Cr1o%Mnay, 32.64 66.47 0.67 0.20
CL, 12.5 keV ;
0000 Iy © 25000 ] CL, NIR region, 12.5 keV
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Figure S2. CL emission spectra of doped MGO phosphor from different batches under 12.5 keV electron beam excitation.
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