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ABSTRACT 

Pinky Chowdhury: 3D Printed Biophotonic Scaffold With Long Lasting Emission After 

NIR Charging. 

Master Thesis 

Tampere University 

Photonics Technologies 

October 2025 
 

Blue upconverter (UC) crystals, when incorporated into biophotonic scaffolds, can present a 
promising approach for biomedical applications like drug release, tissue regeneration. 

In this work, CaWO4: (Yb3+/Tm3+/Nd3+) crystals, prepared using a solid-state reaction, were 
found to emit blue light under 808nm and 980nm excitation. The role of Nd3+in this emission is 
discussed. The blue emission intensity from Tm3+ in Yb3+/Tm3+/Nd3+ triply doped CaWO4 under 
808 nm pumping was achieved through Nd3+ sensitization with Yb3+ ions, facilitating energy trans-
fer, whereas the blue emission under 980nm was only due to Yb3+ activating Tm3+. The UC crys-
tals-Persistent Luminescent (PeL) phosphors ratio was optimized to achieve the best optical per-
formance: long-lasting green emission after 808 and 980 nm charging. The porous biophotonic 
scaffold, fabricated using the robocasting method, consisted of UC crystal, PeL phosphor SrAl2O4: 
Eu2+, Dy3+, and bioactive glass 1393B20. The printability of the scaffolds by using a 3D printer is 
also discussed. Upon 808nm excitation, scaffolds lose their green afterglow but still emit blue 
emission. However, at 980nm, it shows intense blue emission with strong green afterglow.  

Here, the challenges related to the fabrication of these composites are discussed. The eleva-
tion of sample temperature influenced by laser irradiation is suspected to depend on the doping 
concentration of Nd3+ and the excitation power density of the 808nm pump laser.  

The printability of the composite ink into biophotonic scaffolds has been proven, opening a 
new perspective in smart photoactivable materials for photo-induced drug release within bone 
tissue engineering. 
 

Keywords: 3D printing, scaffold, bioactive glass, persistent luminescence, blue upconversion, 
green afterglow, rare-earth ions, XRD  
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INTRODUCTION 

The definition of tissue engineering by Langer and Vacanti is “Tissue-Engineering is an 

interdisciplinary biomedical field that applies principles of engineering and life sciences 

toward the development of biological substitutes that restore, maintain, and improve 

tissue function.”(Naraghi,13). Bioactive glasses (BAGs) have been largely used in tissue 

engineering (TE) for bone regeneration, especially silicate, borosilicate, and borate 

bioactive glass scaffolds with controllable degradation rate for bone tissue engineering 

applications (Rahaman,11). There are three types of trabecular bioactive scaffolds : 

Silicate (13-93), Borosilicate (13-93B1) and Borate (13-93B3). When replacing partially 

SiO2 by B2O3 for example, the scaffolds can support proliferation and function of 

osteogenic cells (Fu,10). Borosilicate glasses are usually known for their structural 

stabilty while borate glasses have bioactive properties because of their rapid dissolution 

and complete conversion to HA which speed up bone healing and promote angiogenesis 

(Aljaman,25) (Abdelghany,13). Bioactive scaffolds are extensively used in tissue 

engineering for their ability to support cell growth and facilitate tissue regeneration 

(Stratton,16). Numerous bioactive biomaterials have been developed in the last 

decades, and recently different compositional modifications for further improvement of 

the material properties have been designed, together with different shapes, mainly three-

dimensional (3D) and porous, to target the final aim (Stratton,16). 

This thesis was focused on combining BAGs with luminescent crystals to develop 

composite multifunctional scaffolds. These scaffolds not only aim to promote healing but 

also target optical monitoring capabilities. An efficient technique for creating BAG 

scaffolds which can resemble trabecular bone and have regulated porosity is 3D printing. 

In 3D printing, a viscoelastic ink, constituted by BAG particulates mixed with lumiescent 

crystals, is deposited layer by layer and sintered to create a porous structure by using 

the robocasting process (Magalhaes,25). We showed here that there was printability 

despite the presence of the luminescent crystals. The ink worked because of Pluronic 

was chemically interacting with the glass and getting stable.  

In this thesis, rare earth (RE) doped upconverter (UC) crystals were prepared so they 

can release higher-energy visible light after absorbing low-energy photons, usually in the 

near-infrared (NIR) spectrum. Long-lasting afterglow was achieved using persistent 

luminescent (PeL) phosphors, such as SrAl2O₄: Eu²⁺, Dy³⁺, which store energy and 
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release it gradually. Some applications, such as optical imaging, real-time scaffold 

tracking, and light-activated therapies, are made possible by including these materials in 

bioactive glass scaffolds (Bajestani,23). 

Near-infrared (NIR) excitation is chosen for biomedical applications because of its deep 

tissue penetration. A functional UC phosphors are effectively excited by 980 nm lasers, 

but it could burn the tissue because of its intense absorption. 808 nm light is another 

option as it decreases water absorption and permits deeper, safer penetration, making it 

more suitable for in vivo imaging and treatment (Wang,15).  

In this study, 3D-printed scaffolds were fabricated by using a borosilicate glass, 

combined with upconverter Yb³⁺, Tm³⁺, and Nd³⁺ tri-doped CaWO₄ crystals and PeL 

phosphor SrAl2O4: Eu²⁺, Dy³⁺. The UC crystals convert NIR light (808 nm or 980 nm) into 

visible emission (blue at 475 nm) which is used to charge the PeL leading to long lasting 

green emission. Such luminescent scaffolds have potential applications in imaging, 

tracking, monitoring tissue regeneration, and controlled drug delivery in situ 

(Trifanova,23). The borosilicate glass was synthesized via the melt-quench method, 

crushed, and milled to a fine powder suitable for 3D printing. An aqueous Pluronic F-

127-based solution was added to the UC and PeL mixture together with the glass 

particles, and the ink was extruded into cylindrical porous scaffolds. Printed scaffolds 

were dried and sintered. Structural and phase analyses were obtained by using XRD, 

while spectroscopic characterization under UV and NIR excitation assessed the UC 

emission and afterglow properties. This work aims to optimize the ratio of UC crystals to 

PeL phosphors to achieve scaffolds with enhanced optical properties, alongside 

maintaining the printability of the glass matrix.  
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CHAPTER 1: BACKGROUND 

In this chapter, bioactive glass scaffolds, their application, and fabrication are first 

introduced. Then the chapter continues with luminescent materials as well as the 

descritpion of the up-conversion and the PeL processes. Biophotonic Scaffolds are then 

introduced with their application in preventing infection, and the difference between the 

scaffold stimulation with either 980 or 808 nm wavelengths is explained. 

1.1 Bioactive Glass 

1.1.1 Bioactive Glass and Its Properties 

Bioactive glasses (BAGs) are amorphous silicate-based materials that are biocompatible 

and capable of bonding with bone while gradually dissolving in the body (like 1393B20). 

These silicate-based materials allow them to stimulate new bone growth and restore 

damaged or diseased bone to its original structure and function (Szczodra 24 b). Figure 

1 shows different glass forms, such as sintered glass bodies, sol-gel structures, and thin 

fibers that could be used alone and as in composite structures (Fagerlund, 12). 

 Different types of bioactive glass with different methods 
(Fagerlund,12) 

In 1969, Larry Hench and his associates at the University of Florida created the first BAG, 

known as 45S5 Bioglass ® (Hench,06). The composition of the glass was 45 SiO2, 24.5 

Na2O, 24.5 CaO, and 6 P2O5 (wt%). It was selected by reducing silica, increasing sodium 

and calcium oxides, and reducing phosphorus pentoxide. This was to have an optimal 

amount of ions (Na, Ca) to break the strong silica network, increasing its bioactivity 

(Hench,16).  
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The biocompatibility and chemical resemblance of HA to biological apatite found in hard 

human tissue are main characteristics of BAGs. As HA is osteoconductive, its 

precipitation on the BAGs’ surfaces will promote the regeneration and integration with 

the existing bone and the rate at which bone apposes and integrates (Liu,25). 

One of the most widely used materials for repairing bone defects is synthetic 

hydroxyapatite (sHA)n with the chemical formula Ca10 (PO4) (OH)2. It is favored because 

of its close resemblance to the mineral component of natural bone, which is actually a 

Carbonate Hydroxyapatite. sHA is both bioactive and osteoconductive. This means it is 

supporting the growth of bone along its surface from the bone-implant interface, which 

is an ideal material for preparing a bioactive scaffold. (Jones,09). 

Bioglass ® was the first material shown to form a strong interfacial bond with bone tissue 

after implantation, with early tests in rats and monkeys showing that this bond could 

match or exceed the strength of native bone. Since entering clinical use in 1985, the new 

BAG compositions have been explored, also introducing new elements. (Jones,08) 

 

 SME image of cross section S53P4 (A) and 1393B20 (B) 
conditioned and analyzed by EDX, scale bar 20 µm (Deraine,21) 

Borosilicate glasses have recently gained significant attention due to highly encouraging 

results from pre-clinical studies, particularly in bone healing and regeneration. 

(Cannio,21). Figure 2 shows the SME image of the cross-section of S53P4 and 1393B20. 

Borate and borosilicate glasses are known as promising materials due to their faster 

conversion kinetics into HA is faster. A study shows that boron-containing silicate glasses 

based on 45S5 formulation were implanted in rat bone marrow and were found to 

enhance bone formation. compared to pure silicate 45S5. The study of the impact of 

boron on the dissolution of the materials, conversion into hydroxyapatite, and the 

material interaction was be found in (Fabert,17). 
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From the material perspective, borosilicate BAGs are particularly interesting due to their 

lower transition temperature (Tg) compared to silicate ones. Because of it, the sintering 

window is wider for the borosilicate BAGs. Therefore, these materials can be sintered 

more effectively than the silicate BAGs, significantly decreasing the risk of undesired 

crystallization phenomena, which would alter the material properties, first of all, reducing 

their bioactivity (Mancuso,17).  

Boron ions promote osteigenesis in human adipose-derived stem cells (hADSCs), 

human bone marrow-derived mesenchymal stem cells (hBMSCs), murine pre-

osteoblastic cells (MC3T3-E1), and myoblastic cells (C2C12) by improving the 

translation of mRNA encoding growth factors, which aid in angiogenesis and wound 

healing. Thus, B2O3 substitution for SiO2 in 1393BAG would allow the manufacturing of 

porous 3D scaffolds, which support both osteogenic and angiogenic properties. 

Borosilicate scaffolds outperform silicate 1393BAG in bone regeneration, likely due to 

increased osteoclastic activity, scaffold resorption, and neovascularization mediated by 

0106-B1 BAG.(Szczodra,24 b). 

Moreover, borosilicate BAGs can precipitate more HA, and in a shorter time. The addition 

of boron to the silica network was also proven to stimulate angiogenesis, which is a 

fundamental feature for bone healing. (Abdelghany,13). HA supplies the oxygen, 

nutrients, and precursor cells needed for new bone growth. (Hankenson,11). Recent 

studies have shown the potential benefit of more biomimetic porous structures for bone 

implants, such as scaffolds. (Huang,25)  

1.1.2. Bioactive Scaffold and Its Properties 

A bioactive scaffold is a 3D structure designed to support the regeneration of bone or 

other tissues by actively interacting with the surrounding biological environment. Figure 

3 shows different scaffolds. 
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 Mircostructures of bioactive glass scaffolds made using vari-
ous techniques (Rahaman,11) 

Their architecture (pore size, porosity, and mechanical properties, along with surface 

chemistry and topography) plays a key role in cellular responses. To improve 

regeneration and integration, biomaterial scaffold surfaces in the tissue engineering (TE) 

field must have certain essential properties. The optimal 3D scaffolds should promote 

tissue development, migration, and cell proliferation while guaranteeing waste clearance, 

nutrition delivery, and oxygenation (Selim,24). 

 Algorithm for the development of an osteoconstructive po-
rous Ti bioimplant (Kiselevskiy,23) 

Bioactive scaffolds as an implant for bone should be antibacterial by adding antimicrobial 

compounds into the material. Its porous structures can aid in the growth of osteoblasts. 

Scaffolds having structures and functions comparable to real bone tissue can enhance 

bone cell adhesion and development, allowing bone defects to be repaired more easily 

(Yang,24). Figure 4 shows the algorithm for the porous Ti bioimplant. 

According to bone tissue engineering, the physical and biological needs are critical for 

successful fabrication and implantation, as well as the growth of bone, cartilage, and 
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vascular tissue. Recent research has demonstrated that the combination of 3D printing 

technology and sophisticated biomaterials has enormous potential in bone tissue engi-

neering. Some bioactive scaffolds are utilized for drug delivery, allowing for continuous 

medication release while inhibiting bacterial growth. Bioactive scaffolds can also give 

support and stability in bone loss throughout the mending process. (Liu 22) (Yang,24). 

1.1.3 Fabrication of 3D Scaffold 

There are usually two methods that are used for scaffold fabrication: conventional 

methods and advanced methods (such as 3D printing). Solvent casting, partial leaching, 

phase separation, gas foaming, melt molding, and freeze-drying are the most commonly 

utilized methods in the traditional manufacturing of scaffold techniques (Ratheesh,17). 

Creating 3D items is known as additive manufacturing (AM) or 3D printing. In recent 

years, 3D printing technology has been supporting in-plant fabrication using 

biomaterials. (Liu,22). The 3D printing is designed to copy cancellous bone structures, 

which provide a perfect environment for stem cell distribution and differentiation. Bone 

growth in materials with 50% interconnected porosity will reduce stress shielding effects, 

which is the reason material porosity becomes crucial in implant processing. It is 

considered a technique in biomedical engineering that demonstrates effective scaffold 

fabrication and cell distribution. (Ananth,24). 3D printing has properties of specific 

design, fabrication, low cost, and high structural complexity, which make it highly efficient 

in the bioengineering field (Ananth, 24).Extrusion-based printing, inkjet printing, particle 

fusion-based, and laser-assisted printing are now the three main categories into which 

the most popular 3D printing methods fall, as shown in Figure 5 (Kaur, 25). 

 Schematics of different types of 3D printing (Kaur,25) 

However, no single printing technology can fully capture the intricacies of different 

tissues; each one has its benefits and can compensate for the drawbacks and restrictions 

of the others (Groll, 16).  
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- Extrusion-based printing: It is one of the most common printing methods used 

for 3D printing of polymers and biomaterials. Fused deposition modeling (FDM)  

and Direct ink writing (DIW) are the two mostly used techniques of extrusion-

based 3D printing (shown in Figure 5). Another name for extrusion-based printing 

is a nozzle-based deposition system. Fused Filament Fabrication (FFF), which is 

also known as FDM, is one of the most popular low-cost 3D printing methods 

(Azad, 20).In extrusion printing, a viscous liquid or melted filament is pushed 

through a nozzle and deposited layer by layer, which builds a 3D structure. FDM 

uses a heated nozzle to melt and extrude thermoplastic filaments like polylactic 

acid (PLA), while DIW operates at lower temperatures by using hydrogels or 

polymer solutions that solidify through cooling, cross-linking, or thixotropic 

behavior. The method is especially suited for tissue engineering applications 

where scaffolds and biomedical structures are required, as it allows good control 

over geometry and porosity. Despite of many advantages, extrusion-based 

printing often faces limitations related to weak stability, slow printing speed, and 

reduced resolution compared to optical-based systems (Kaur,25) (Ananth,24).  

- Inkjet printing: There are two types of inkjet systems usually used, which are 

continuous inkjet (CIJ) and drop-on-demand (DOD). In recent years, inkjet 

printing has gained widespread attention in the research fields of polymer 

molding, nanocomposites, and tissue engineering. But low cell density affects 

this printing process, and the range of viscosities of the associated printing 

materials used is rather constrained. The advantages of inkjet printing are its high 

printing resolution, low technical cost, and the ability to print numerous materials 

at once. (Li,20) (Saunders,14) (Kaur,25) 

- Particle fusion-based printing:  This 3D printing technique uses the powder 

particles that are fused or bonded together layer by layer to create a 3D structure. 

The two main categories of particle fusion-based printing are selective laser 

sintering (SLS) and particle binding (PB). Figure 5 illustrates the schematic 

picture of SLS. In SLS, a laser beam scans and fuses fine metal, polymer, or 

ceramic powders by heating them slightly above their melting point.  On the other 

hand, P uses a liquid binder to adhere particles in each layer, which are later 

solidified through heat treatment or sintering. Both techniques are widely used in 

industrial prototyping and the production of complex geometries in materials. Due 

to their high mechanical strength and fine resolution, these techniques are 

particularly valuable in the fabrication of orthopedic implants, dental devices, 

aerospace components, and bioceramic scaffolds. Although particle-fused 
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printing tends to be expensive and time-consuming because of the high energy 

requirements and complex equipment setup (Kaur,25) (Ananth,24). 

- Light-assisted printing:  Light-assisted printing are usually three types, such 

as, Stereolithography (SLA), Digital Light Processing (DLP), and Two-Photon 

Lithography (2PL). It is also known as photopolymerization-based printing. This 

method involves UV or visible light that cures photosensitive resins into solid 

structures. These methods are popular for biomedical applications like 

microfluidic devices and dental implants. (Kaur,25) (Ananth,24).  

1.2 Luminescent Materials 

1.2.1 Rare Earth ions 

Rare-earth (RE) elements in the periodic table constitute the 15 elements also known as 

"lanthanides" and have atomic numbers ranging from 57 (lanthanum) to 71 (lutetium) 

(Figure 6). RE elements, particularly the trivalent lanthanide ions (Ln³⁺), play a crucial 

role in the field of luminescent materials due to their unique electronic configurations, 

such as 4f–4f and 4f–5d electronic transitions, and possess sharp emission spectra. The 

most commonly used luminescent rare earth ions include Eu³⁺, Tb³⁺, Sm³⁺, Dy³⁺, Ce³⁺, 

Nd³⁺, Er³⁺, Tm³⁺, and Yb³⁺, each of which exhibits characteristic emission wavelengths. 

Few lanthanide ions show luminescence in the visible or NIR regions with UV (ultraviolet) 

radiation. The color of the emitted light depends on these ions; for example, Eu3+ emits 

red light, Tb3+  green light, Sm3+ orange light, and Tm3+ blue light. Yb3+, Nd3+and Er3+ are 

well-known for their near-infrared luminescence (Binnemans,09). 

 Period table of the rare earth elements (E-tech re-
sources,21) 

In terms of average crustal abundance, rare earth (RE) elements are quite uncommon. 

The quantity of concentrated RE element deposits is restricted. The RE elements have 
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a wide range of military, industrial, energy, and defense technology uses due to their 

unique physical and chemical characteristics (Walters,11). 

Since the majority were classified as "Rare earth" in the 18th and 19th centuries. The 

most prevalent RE elements are Cerium, which is actually more prevalent in the crust of 

the Earth than lead or copper. In the Earth's crust, all of the RE elements—aside from 

promethium—are generally more prevalent than silver, gold, or platinum. In terms of 

average crustal abundance, RE elements are concentrated and economical rather than 

scarce. Because of their special magnetic, luminous, and catalytic qualities, these 

elements are essential to many contemporary technologies (Balaram,19). 

The elements lanthanum, cerium, neodymium, and yttrium are examples of common rare 

earth elements. They are necessary for the synthesis of phosphors for display screens 

(europium and yttrium), catalysts in the refinement of petroleum (cerium), and high-

strength magnets (neodymium and dysprosium). Here, the separation of RE extract 

oxides from solvent extraction is shown in Figure 7. 

 Separated RE extract oxides from solvent extraction (Shin-
Etsu RE) 

Energy-efficient lights, electric cars, wind turbines, and other green technologies all 

depend on RE elements. The glass industry is the leading consumer of RE elements. 

Example: Europium is the common dopant for the optical fibers. Also, Synthetic jewels, 

laser crystals, microwave devices, superconductors, sensors, nuclear control rods, and 

cryo-coolers are other products that use rare-earth elements. The usage of RE elements 

as nano-filters and in memory devices, power converters, optical clocks, infrared decoy 

flares, and fusion energy are important new applications. The applications of RE 

elements in the technology field are increasing gradually. (Gosen,17) 
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1.2.2. Upconversion Process  

Luminescence is the emission of light by a substance that has absorbed energy, without 

the involvement of high temperature. In luminescence, the absorbed energy excites 

electrons to higher energy levels, and when these electrons return to their lower or 

ground states, they release the excess energy in the form of visible, ultraviolet, or infrared 

light .. The word ‘Luminescence’ was coined by German Physicist Eilhard Weidemann 

in 1888. This phenomenon is important to the development of solid-state white light-

emitting diodes (LEDs). Which are quickly replacing traditional lighting technologies 

Luminescent materials, especially those activated by rare earth (RE3+) ions, are identified 

by their stability, long-lasting glow, considerable variations in light emission wavelength, 

and accurate emission lines. (Sharma,18) These features have led to its application in a 

wide range of sectors, including laser technology, materials science, agriculture, medical 

diagnostics, and others. Applications span from lighting, displays, lasers, and radiation 

detection systems to optical telecommunications, security inks, and bioconjugates for 

photodynamic treatment of cancer. Figure 8 shows the properties and characteristics of 

the RE elements. 

 Properties and Characteristics of the RE elements 
(Prajzler,10) 

The upconversion (UC) mechanism is a process where two or more low-energy photons 

(e.g., Infrared) are absorbed and their energy is combined to emit a single higher-energy  
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photon (e.g., visible or ultraviolet). There are different energy transfer processes during 

UC events, and these are: Energy transfer upconversion (ETU), Excited-state absorption 

(ESA), Photon avalanche (PA), Cooperative UC (CUC), and Energy migration-mediated 

UC (EMU).The energy level diagrams of these processes are shown in Figure 9 

(Thirumalai,16). 

 Simplified energy level diagrams describing up-conversion 
processes: (a) ESA, (b) ETU, (c) PA, (d) CUC, and (e) EMU (red: 
excitation; blue: UC emission, green: energy transfer)(Thiruma-

lai,16) 

 ESA: In ESA, a single ion absorbs two or more low-energy photons one after 

another. This moves the ion from the ground state to an excited state, leading to 

upconversion emission as shown in Figure 9 a. It works best at low doping levels 

because high concentrations can lead to energy loss. But ESA is not very efficient 

because of the weak absorption. The weak absorption happens due to the 

forbidden transition of the rare-earth ions. 

 ETU: There are two types of ions: a sensitizer and an activator. The sensitizer 

absorbs energy and passes it to the activator, which emits light. ETU is more 

efficient than ESA because energy transfer between ions is smoother and long-

lasting. It requires the two ions to be closer together and have matching energy 

levels. 

 PA is a more complex process that needs high light intensity to start. It begins 

with regular absorption, followed by more energy being added through ESA or 

ETU.  It creates a feedback loop that makes it very efficient, but only under strong 

pumping conditions. 

 CUC also uses sensitizer and activator ions, like ETU, but it works differently but 

less efficient. This is common in Yb3+/ RE3+ systems. Here, two sensitizers 

transfer energy at the same time to one activator.  
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 EMU: The EMU process involves four types of luminescent centers: sensitizer, 

accumulator, migrator, and activator. The sensitizer/accumulator and the 

activator are confined in separate layers of the core shell.  An activator within the 

shell traps the migrating energy, causing it to emit UC light (Thirumalai,16). 

This study aims to achieve blue upconversion with an Nd3+ doped crystal under 808nm 

excitation. Basically, among all the RE3+ ions, Nd3+ ions have a large absorption cross-

section at 808nm. In contrast, Yb3+ plays a role as an important energy transfer bridge 

between Nd3+ and other RE3+ (like Er, Ho, Tm) ions, when Nd3+/Yb3+/ RE3+ triply doped 

samples are excited by 808 nm. The Yb3+ ion has no matched energy levels near this 

wavelength to absorb. Upon 980 nm excitation, Nd3+/Yb3+/RE3+ triple-doped phosphors 

can also produce effective UC emission of RE3+. As stated earlier, the Tm3+ ion is a blue 

UC activator, which emits blue emission when Tm3+ doped materials are excited by 

infrared light. Recently, Nd3+/Yb3+/Tm3+ triply doped fluorescence materials have drawn 

attention for their efficient blue emission under the excitation of 800 nm, and the 

underlying energy transfer mechanism (Tian,20) (Soderlund,15). 

Here, CaWO4 (Calcium tungstate) was chosen as a host material as it is one of the most 

promising materials for upconversion applications. When it is co-doped with Yb3+/Tm3+, 

it emits blue emission under 980nm excitation. Also, some advantages have been shown 

for using CaWO₄ crystals as a blue upconverter, facile fabrication conditions via solid-

state synthesis, and high activator concentrations. CaWO4 also exhibits good thermal 

stability. (Magalhaes,25). In this experiment, CaWO4: Yb3+/Tm3+/Nd3+ was used as the 

doped ion. The crystals were examined under 808 nm and 980 nm excitation. 

1.2.3 Persistent Luminescence (PeL) Process 

PeL is a type of luminescence in which a material continues to emit light for a longer 

duration even after the excitation source (such as UV or visible light) is turned off. Per-

sistent Luminescence has a long history, over a thousand years. By the early 17th cen-

tury, persistent luminescence gained significant attention after the discovery of the fa-

mous Bologna Stone. The persistent luminescence originates from the monovalent cop-

per impurity. The first commercial persistent phosphors, like ZnS: Cu, appeared about 

100 years ago for self-lit watch dials. But the breakthrough came in the mid-1990s with 

efficient Eu2+, RE3+ co-doped aluminated CaAl2O4: Eu2+, Nd3+, and SrAl2O4: Eu2+, Dy3+ 

emitting in the blue and green, which offer long afterglow and solar charging capability. 

Among those, Y2O2S: Eu3+, Mg2⁺, Ti achieved commercial success because of their red 

emission (Brito,12). Nowadays, it is possible to have persistent luminescence phosphors 

to cover the entire visible spectral range (Figure 10)  
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 Three-color persistent luminescence panel based on the 
Sr2MgSi2O7: Eu2+ , Dy3+ (blue), SrAl2O4:Eu2+ ,Dy3+ (green), and 

Y2O2S:Eu3+,Mg2+,Ti (red) phosphors (Brito,12) 

The PeL mechanisms were largely speculative. It cannot provide a quantitative under-

standing of materials and processes; for example, the mechanism of PeL in Eu2+ and R3+ 

doped SrAl2O4, considered as one of the fundamental ones, is purely qualitative and 

contains highly suspicious processes as charge transfer emission of Eu2+ at 445 nm.  But 

it is possible to predict the mechanism by understanding the following: the nature of an 

electron and hole transfer, the charging process of the persistent luminescence, Identify 

the most probable centers for it. The role of RE co-dopants, and 4. to predict the energy 

sufficient to charge persistent luminescence (Brito,12).  

 Schematic diagram of a persistent luminescence mecha-
nism under band-to-band (Xu,19) 

The PeL process begins with the excitation phase (according to Figure 11), during which 

electrons are stimulated and holes are formed under the light. These excited electrons 

are subsequently trapped non-radiatively by electron (or hole) traps using methods in-

volving the conduction (valence) band or quantum tunneling, a process known as trap-

ping. Following this, de-trapping happens when electrons are liberated as a result of 

thermal stimulation. Finally, the liberated electrons return to the emission center and re-

combine with holes, resulting in delayed luminescence. (Xu,19) 
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The SrAl2O4: Eu2+, Dy3+ phosphor is well-known for its green emission and long decay 

time (Francisco,21). According to some studies, SrAl2O4: Eu2+, Dy3+ PeL phosphors with 

Yb3+, Tm3+ co-doped crystals can show a green afterglow under UV and 980nm excita-

tion. This happened because the upconversion process of Yb3+ and Tm3+ leads to and 

blue light which is used to charge the phosphors (Magalhaes,23). Here, SrAl2O4: Eu2+, 

Dy3+  used as a PeL phosphor with the tri-doped CaWO4: Yb3+,Tm3+
, Nd3+ crystal. 

1.3 Applications of 3D Printed Scaffold  

1.3.1 Green Light Use of Prevent Infection  

The (NIR) afterglow of persistent luminescence nanoparticles has attracted a lot of 

attention as a highly sensitive luminescent probe for optical imaging. Modern public 

health advocates for three stages of prevention: prognosis, treatment, and prevention. 

These days, antimicrobial methods based on nanotechnology, such as photodynamic 

therapy (PDT), chemodynamic therapy (CDT), sonodynamic therapy (SDT), and 

photothermal therapy (PTT), are used to treat infections (Wang,23). 

To detect and control possible public health risks in their early phases, the primary 

prevention stage is generally acknowledged as the most crucial stage, which requires 

the use of quick and accurate screening instruments (Wang,23) 

SrAl2O4: Eu2+, Dy3+ is a desirable inorganic photo luminescence material (PLM) with 

green emission characteristics and long-lasting afterglow time. This phosphor is 

conceivably promising as an internal rechargeable light source for persistent PDT. More 

importantly, the presence and release of Sr2+ ion achieve potent osteointegration and 

improve the osteogenic bioactive properties. Green light can stress bacterial membranes 

by exciting endogenous or material-based photosensitizers, which produce relative 

oxygen, causing oxidative and structural damage to the bacterial cell envelope 

(Huang,24).  

1.3.2 Excitation Using 808 nm and 980 nm 

In this section, the definition, efficiency of 808 nm and 980 nm excitation are discussed. 

Their comparison and laser effect on the human body are also stated. 

808 nm laser : falls within the infrared spectrum. It is not visible to the human eye but 

can be detected using specialized sensors. Less absorbable by water can make it useful 

for medical and imaging applications. Often used to excite lanthanide-doped 

upconversion nanoparticles (UCNP). 
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980 nm laser : falls in the NIR region of the EM (electromagnetic) spectrum. It is also 

not visible like 808nm. It is useful for medical treatments, fiber optic communication, and 

excites UCNP. 

980 nm vs. 808 nm : Some materials exhibit better absorption at 808 nm compared to 

980 nm. If the sample has higher absorption efficiency at 808 nm, it can get stronger 

luminescence signals, which makes it easier to detect and measure accurately. In some 

cases, an 808 nm laser can help to reduce background interference or noise in the 

luminescence spectrum. This is important for achieving more accurate measurements. 

The choice of laser wavelength can also depend on the sensitivity and spectral range of 

the detection equipment.  A study shows that 808 nm of light penetrates as much as 54% 

deeper than 980 nm of light in bovine tissue.  Power measurements were taken for each 

wavelength at the various depths. (Hudson,13). In Figure 12 demonstrates the laser light 

pattern at 808nm and 980nm at the tissue sample. 

 (a) Laser light pattern 808 nm at 3.3 cm tissue depth, (b) La-
ser light pattern 980 nm at 2.8 cm tissue depth (Hudson,13) 

One of the most important issues that needs to be considered while using lasers is safety. 

In PDT, to assess the danger of NIR laser-induced tissue burning, the real-time 

temperature of a mouse's skin was measured with a laser power density of 1.5 Wcm-2 

for 15 minutes. Before irradiation, carcinoma cell line (CAL 27) tumor cells were injected 

into the mouse’s right and left thighs to emphasize the irradiation region. After 15 minutes 

of irradiation with a 980 nm laser, the tumor tissue temperature increased, and the 

edema site became encrusted due to thermal injury. But the 808 nm laser caused no 

harm. (Chan,17) Despite some comparisons, 808 nm and 980 nm work together became 

a good example of the wavelength coupling technology. To improve the metal 

processing, like metal cladding or welding, several diode laser beams were used to be 

together and worked as a single beam. By this, the efficiency of the beam becomes more 

than 60%. This is good enough for practical use in metal processing (Gu,12). 
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CHAPTER 2: EXPERIMENTAL PART 

2.1 Bioactive Scaffold Preparation 

In this study, bioactive scaffolds were 3D printed using a 3D printer. The scaffolds consist 

of bioactive glass as in (Szczodra, 24 a), blue upconverter crystal CaWO4: Yb3+, Tm3+, 

Nd3+, and green PeL phosphors.  

2.1.1 Glass Melting 

The bioactive glass used for this study is 1393B20, which is an experimental borosilicate 

glass composition. The nominal composition is shown in Table 1. For the experiment, 

the glass was prepared from analytical grade precursors Na2CO3 (Thermal 

Scientific,99.95%), NH4H2PO4 (Sigma-Aldrich,98%), CaCO3 (Alfa Aesar,99.5%), MgO 

(Aldrich,99%), H3BO3  (Sigma,99.5%), K2CO3 (Sigma,99%), and Belgian quartz sand. 

1393B20 glasses were melted in 60g (gram) batches using platinum crucibles. Precisely, 

the precursors were heated up at 800 °C with a rate of 16 °C/min in air inside LHT 02/17 

LB speed electric furnace (Nabertherm GmbH, Lilienthal, Germany), kept at this 

temperature for 15 minutes, and successively heated up to 1450 °C with a rate of 13 

°C/min. The melt was finally kept at 1450 °C for 30 minutes. 

 Picture of furnaces used for glass melting and annealing  

The melt was cast in a graphite mold and annealed in an electric muffle furnace 

(Nabertherm L3/2)for 8 hours at 500°C  to release the glass tension. The glass was then 

crushed first by using a mortar and pestle, then by ball-milling, to get the final particle 

size < 38 µm (micrometer). The obtained glass powders were stored in a desiccator and 

used within 2 months. Figure 13 illustrates the furnaces used for glass melting and 

annealing.  
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Table 1 Nominal Glass Composition (mol%) 

Glass SiO2 B2O3 P2O5 Na2O K2O CaO MgO 

1393B20 43.68 10.9 1.7 6 7.9 22.1 7.7 

2.1.2 Crystal Synthesis 

CaWO4: Yb3+, Tm3+ [Ca1-2(x+y) WO4YbxTmyNa(x+y) ]  crystals with y=0.25 at% and x= 2.5, 

5, 7.5, 10 and 12.5 at% were prepared by using solid state reaction. The starting raw 

materials were CaCO3 (Alfa-Aesar technical grade), WO3 (honey-well-Fluka,99%), Yb2O3 

(Sigma-Aldrich,99.9%), Tm2O3 (Honeywell ≥ 99%), and Na2CO3 (Sigma-Aldrich 99.9%). 

Crystals are labelled as YbxTm0.25 (y=0.25 at%). After the characterization, four more 

crystals with the Yb3+ (7.5 and 10 at.%) content with different amounts of Tm3+ (0.125 

and 0.5 at%).were prepared. Then, CaWO4: Nd3+, Tm3+ crystals prepared with 0.5at% 

Tm2O3 and Nd2O3 5, 10 &15 at%. The raw chemical used for Nd3+ was Nd2O3  (Sigma-

Aldrich, 99.99%). For the final tri-doped crystal, CaWO4: Yb3+,Tm3+,Nd3+[Ca1-2(x+y)-

zWO4YbxTmyNdzNa(x+y)] where the doping concentrations of Yb3+ and Tm3+ were 

respectively 10at% and 0.25at%, and the concentration of Nd3+ varied from 

0.125,0.25,0.5,1,2,3 and 5 at%. 

For the crystal preparation, the batches were prepared by individual weighing of 

chemicals according to the batch calculation. They were placed in a mortar, blended, 

and placed in an Alumina crucible. The chemicals were mixed and heated at 1200°C 

using a 3°C per minute heating rate in an ambient atmosphere. The duration of the 

thermal treatment was 4 hours. After that, the crystal well crushed in a mortar again, and 

the process was repeated with the same heat treatment. 

2.1.3 3D Printing 

Ink was prepared using Pluronic ® F-127 (Sigma-Aldrich, USA) as a binder for the solid 

particles and sacrificial template supporting the printing process. Pluronic ® F-127 

aqueous solution was prepared with a concentration of 30 wt%, by mixing in a plastic jar 

15g Pluronic ® F-127 powder and 35g distilled water. The jat was then sealed and placed 

into an ice bath, and the solution was mixed with a magnetic stirrer at high RPM for at 

least 6 hours, to guarantee its homogeneity. The whole process was done in the ice bath 

to maintain the viscosity of the Pluronic ® solution low enough to be effectively stirred. 

This, because at higher temperatures, it starts to reversibly gelify, while at lower 

temperatures (around 4°C) it is liquid (Chavez,06). After the mixing, the solution was 
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kept in the fridge and used within 12 months. Prepared aqueous Pulronic solution are 

shown in Figure 14.  

 As-prepared Pluronic® F-127 aqueous solution. 

For the ink, we used 85 wt% 1393B20 glass, 5 and 7.5 wt% UC crystals (CaWO4: 

Yb3+/Tm3+/Nd3+), 10 and 7.5 wt% PeL phosphors, and 30 wt% Pluronic. This UC-PeL 

ratio was found to be the most promising ratio for efficient charging of the PeL phosphors 

by the blue UC crystals using 980 nm (results as shown in Figure 29).  

When the Pluronic solution is ready, the ink preparation starts with mixing the 

components. Here, we prepare two compositions and one glass sample for 3D printing. 

The composition of the UC, PeL, and glass is given in the table below. 

Table 2. Composition of UC-PeL Glass Powder 

Pluronic UC Crystal PeL Glass 

(a).2.8g (30 wt%) _ _ 3.12g  

(100 wt%) 

(b) 2.8g (30 wt%) 0.156g 

(5 wt%UC) 

0.312g 

(10 wt%PeL) 

2.652g  

(85 wt%) 

(c))2.8g (30 wt%) 0.234g  

(7.5 wt%UC) 

0.234g 

(7.5 wt%PeL) 

2.652g 

(85 wt%) 

2.8 g Pluronic (30 wt%) solution, added with all the components to prepare the ink for 3D 

printing, was measured on the scale. Then, the ink was vortexed for 5 cycles, alternating 

30 seconds of vortexing and 30 seconds of cooling in the ice bath, in order to make it 

homogeneous. After that, the ink was injected with a 10 ml syringe and transferred to the 

3D printing cartridge. The ink was left to set for 1 hour at room temperature before 

printing, after covering the cartridge with parafilm. The 3D printing must be done within 
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a few hours after the ink preparation, because the ink tends to dry and solidify at room 

temperature, probably because of the effect of the gelification of Pluronic ® solution. 

During the whole procedure, the formation of bubbles in the ink should be avoided to 

guarantee good printability. The syringe was placed and attached to the 3D printer (3Dn 

Tabletop Printer, nScrypt Inc., Orlando, Florida, USA). Figure 15 shows the 3D printing 

process with 5 wt% UC-10wt%PeL mix. The printing parameters were set using Machine 

Tool 3.0 software. The pressure was set between 20 and 30 psi for the inks containing 

UC/PeL, while between 15 and 25 psi for the control ink (1393B20). 

 Image of the 3D printing process with 5 wt% UC-10 wt% 
PeL mix. 

We prepared cylindrical porous scaffolds (diameter~6mm × height~2.5 mm) from the 

three different ink compositions. Every scaffold takes 2 to 3 minutes to be printed. The 

ink showed green PeL in the dark shown in Figure 16. 

 Visible green PeL in the ink. 

Afterward, the printing scaffolds were left to dry at 37 °C for at least 24 hours. The 3D 

printed Scaffolds are very fragile. So it always needs to be handled carefully. The 

samples were successively sintered. For sintering, the samples are placed in the oven 

heated up to 625 °C at a rate of 10.5 °C/min, and kept at this temperature for 1 hour. 

After that, the sinterted scaffolds are extracted from the oven when the temperature was 
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below 40 °C, to prevent any thermal shocks, possibly causing cracks or fractures in the 

scaffolds. Half of the scaffolds were left unsintered as a control. 

2.2.XRD Analysis 

XRD is a non-destructive method for determining a material’s composition and structure. 

There are two basic methods for producing X-rays. One is associated with electric 

transitions between atoms' K-shells, while the other is related to electrons decelerating 

in an electric field, which produces a wide range of X-rays (Cullity,78). 

The latter produces narrow, sharp spectral peaks whose wavelength changes depending 

on the electrical structure of the substance. X-rays are created in an X-ray tube by 

bombarding a metal target with high-energy electrons. These X-rays have wavelengths 

that are comparable to atomic spacings. X-rays are scattered by the surrounding 

electrons in the atmosphere of a crystalline substance. Atoms are always grouped in 

regular planes in crystals. As a result of the X-rays' interference with these planes, a 

diffraction pattern is produced.  

 Schematic representation of Bragg’s equation (Stan,18) 

The main principle that explains this phenomenon is known as Bragg’s law, which is as 

follows: nλ = 2dsinθ, where d is the distance of the atomic plane, θ is the angle between 

the sample surface and the incoming X-ray beam, n is an integer, and λ is the wavelength 

of the incoming X-ray photons (Figure 17). 
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Powder X-ray diffraction is one of the many kinds of XRD techniques that are used for 

structural study and phase identification in polycrystalline materials (Figure 18). 

 Schematic diagram of powder XRD 

By gathering diffraction data at different angles, single-crystal X-ray diffraction can be 

used to ascertain the precise atomic structure of a single crystal. A more accurate version 

of XRD is called high-resolution X-ray diffraction, which is used to investigate 

semiconductor materials and epitaxial thin films. 

The PANalytical EMPYREAN multipurpose X-ray diffractometer (PANalytical Almelo, 

The Netherlands) was used to measure the XRD patterns of the crystals and scaffolds. 

The diffractograms were measured from 2θ = 100-800 with a step of 0.0260 using Ni-

filtered Cu-Kα radiation. Before the measurement, the crystals were ground into a 

powder. 

2.3 Spectroscopic Properties 

A Spectra 320 optical spectrum analyzer (Instrument Systems Optische Messtechnik 

GmbH, Germany) was used to record the upconversion spectra of the crystals and 

scaffolds that had been ground into powder. The UC spectra were captured between 

350 and 700 nm in wavelength. A PROFILE Pro 808 nm laser driver supplied the 

excitation, and a Thorlab ITC 4020 temperature controller running at 1.25 A with an 

808nm laser was used to regulate the temperature. The measurements were made at 

25°C using an 808 nm laser. A Thorlabs ITC4001 laser diode/temperature controller was 

utilized for a 980 nm pump laser with a controlled temperature of 30°C and a current of 

1A to compare the intensities of the powdered samples. Figure 19 shows the 

experimental setup of UC emission. The UC intensity and green afterglow from PeL were 

compared by using different laser pump power setups (808 nm and 980 nm) in a dark 

room with 2.5-12.5,5-10,7.5-7.5,10-5 and 12.5-2.5 (which makes a total of 15 wt%) ratios 

of UC-PeL crystals. The distance between the excitation and the detector and the sample 

surface was 5 mm. To compare the intensity, the samples were ground into a powder 
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(Morales,20). Photons that are gathered by a detector are released when an electron 

relaxes in high-energy states via the radiation relaxation pathway. As seen below in 

Figure 20 (using as a reference), upconversion is based on a multiphoton process in  

 Experimental setup of UC emission 

which an already excited electron gets further excited by a second photon before relaxing 

and emitting a photon of higher energy than the absorbed one. The radiative relaxation 

routes emit photons, which a detector then collects. 

 Energy level diagrams of Tm, Yb, Nd ions and the possible 
UC under 808 nm excitation (Tian,20) 

To observe the afterglow, the bulk scaffold (sintered and unsintered) was charged by a 

compact UV lamp (UVGL-25, 4W, λexc: 254nm) for 5 minutes. The afterglow was 

examined in the dark to assess the scaffold's afterglow after charging. The powder 

Scaffolds (sintered and unsintered) were examined under 808 nm and 980 nm excitation 

in the dark to check the afterglow and blue UC emission from the samples. 
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CHAPTER 3: RESULTS AND DISCUSSION 

The fundamental purpose of this research is to develop an NIR-sensitive 3D printed 

biophotonic scaffold for bone healing, with the possibility to trigger light therapy, limiting 

the risk of infection, while promoting bone regeneration. The biophotonic scaffold should 

emit green afterglow after 808 nm charging. This can be achieved only with effective blue 

upconverter crystals. The current work focused on the development of the UC crystals 

and their integration into a printable bioactive ink for manufacturing biophotonic scaffolds. 

3.1 Crystal Synthesis and Characterization 

The main goal is the optimization of the RE concentration to prepare crystals with the 

proper crystalline phase and with strong blue UC under 808nm pumping.  

3.1.1 YPO4 and CaWO4 (Nd3+,Tm3+) 

For this experiment, crystal preparation started with YPO4: Nd3+, Tm3+: [Y(1-x-y) 

PO4NdxTmy] co-doped with Nd3+, Tm3+. The concentration of Nd3+ ranged from 0.5 to 25 

at%, and that of Tm3+ was 0.5 at%. The XRD pattern of the crystal is presented in Figure 

21 (a). The XRD patterns of the as-prepared crystals exhibit peaks, the position of which 

corresponds well to those of the standard powder diffraction file entry 04-001-9248 of 

YPO4. Here, it shows the single phase of YPO4 till 10 at% of Nd2O3 content; after that, 

the second phase was detected. 
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 . (a) XRD patterns of the Y(1-x-y) PO4NdxTmy crystals with dif-
ferent amount of Nd2O3 and 0.5at% of Tm2O3;(b) XRD of the Ca1-x-y-

zWO4NdxTmyNaZ crystals with different amount of Nd2O3 and 
0.5at% of Tm2O3 

Then, CaWO4: [Ca1-2(x+y)WO4NdxTmyNa(x+y)] crystals were prepared with 0.5 at% of 

Tm2O3 and the Nd2O3 content ranging from 5 to 15 at% to optimize the Tm3+/Nd3+ ratio. 

20 at% and 25 at% Nd3+ remain unsuccess as shown in Figure 22. The XRD patterns 

are presented in Figure 21 (b). It shows the crystals exhibit peaks, which are similar to 

the standard diffraction file entry 04-007-2671 of CaWO4 crystals.  

  Ca1-2(x+y)WO4
 NdxTmyNa(x+y) crystal (Nd 20at.%) difficult to 

extract 

No up-conversion was detected from the crystals under 808 nm pump laser, as shown 

in Figure 23 (a) and (b).  
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 No upconversion at 808nm excitation codoped with 
Nd3+/Tm3+ ions (a) Y(1-x-y)PO4NdxTmycrystals, (b)Ca1-

2(x+y)WO4NdxTmyNa(x+y)
  crystals 

3.1.2 CaWO4 (Yb3+, Tm3+) 

CaWO4 : [Ca1-2(x+y)WO4YbxTmyNa(x+y)]  crystals were prepared with a Tm2O3 content of 

0.25 at.% and a Yb2O3 content that ranges from 2.5 to 12.5 at.%. Then, the process 

continues with 7.5 at.% Yb2O3 content with a different range of Tm2O3 content (0.125 to 

0.5at.%). Figure 24 (a) and (b) displays the crystals’ XRD pattern. The prepared crystals’ 

XRD patterns show peaks whose positions closely match those of standard powder 

diffraction file entry 04-007-2671 of CaWO4. This indicates that the rare earth dopant 

ions replace Ca2+ because their ionic radii are similar: 112 p.m. for Ca2+, 99.4 p.m. for 

Tm3+, 98.5 p.m. for Yb3+ (Shanon,76), and 118 p.m. for Na+ (Magalhaes,23). 
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 (a) XRD patterns of Ca1-2(x+y)WO4YbxTmyNa(x+y)  crystals pre-
pared with different amounts of Yb2O3 and 0.25 at% of Tm2O3 ; (b) 
XRD patterns of Ca1-2(x+y)WO4YbxTmyNa(x+y) crystals with 7.5 at% 

Yb2O3  and different amounts of Tm2O3 
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As the Yb2O3 content rises, the XRD peaks move towards higher angles, indicating the 

structure has contracted as a result of the various ionic radii (Magalhaes,23). The 

successful charge compensation with Na+ is also indicated by the lack of any secondary 

phases. These crystals emitted blue light under 808 nm excitation, which was visible to 

the naked eye.  
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 (a) Normalized upconversion spectrum of Ybx7.5Tmy0.25 
crystal, taken as an example. (b) Relative intensity of the blue 

emission at 475 nm as a function of Yb2O3 at%(x)and Tm2O3 at%(y) 

in the crystals (𝝀exc =808nm) 

Under 808 nm excitation, the upconversion (UC) spectra from the CaWO4 crystal display 

two emission bands centered at 475 nm and 702 nm (Figure 25 a), which are 

characteristic of Tm3+ ions. These emissions correspond to the 1G4 → 3H6 and 3F2,3 → 

3H6 transitions of Tm3+ ions, respectively. As the concentration of Yb3+ increases, the 

intensity of all emission bands first increases and then decreases. (Figure 25 b) In the 

range of low concentration, Yb3+ ions can act as an excellent sensitizer for Tm 3+ ions. 

So, the upconversion luminescence mechanism of Tm3+ ions in Yb/Tm co-coped CaWO4 

crystals is epxected to be ET (energy transfer) mixed with two- to three-photon processes 

(Ling,13). It is clearly shown that the concentration of Yb (7.5 at%) with fixed Tm (0.25 

at%) concentration was found to have the highest blue upconversion.  

Then the amount of Tm3+ was varied between 0.125 to 0.5 at% to further increase the 

intensity of the blue UC. 0.25 at% of Tm3+ was found to lead to strong blue emission. 

The XRD of the synthesized crystal CaWO4: Yb3+ /Tm3+ can be seen in Figure 26b, where 

a single phase of CaWO4 (ICDD: 04-007-2671) was evident. From this data, the two 

contents of the highest intensities were chosen for the 3D printing (Yb7.5 to 10 at.% and 

Tm 0.125 to 0.25 at%).  
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3.1.3 CaWO4 (Yb3+, Tm3+, Nd3+) 

At this stage, CaWO4 : Yb3+/Tm3+/Nd3+:[Ca1-2(x+y)-z WO4YbxTmyNdzNa(x+y)] was triply 

doped with Yb3+, Tm3+, and Nd3+. According to some studies and experimental data, the 

doping concentration of Yb2O3 and Tm2O3 was respectively designed as 10 at% and 0.25 

at% as this composition already successfully showed the highest intensity under 980nm 

excitation. (Maglhaes, 23). The doping concentration of Nd2O3 varied from 0.125 to 5 

at%. The XRD patterns of these crystals are depicted in Figure 26.  
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 XRD patterns of the Ca1-2(x+y)-z WO4YbxTmyNdzNa(x+y) with 
different amounts of Nd2O3 with 10 at% Yb2O3 & 0.25 at% Tm2O3 

The XRD patterns show the peak related to CaWO4 crystals confirming that the crystalas 

can be triple doped. Changing the Nd3+ doping level doesn’t damage the host structure. 

The crystal structure is quite stable. The UC spectrum and the relative intensities of the 

crystals are shown in Figure 27 (a) and (b). The UC spectrum data show that the different 

concentrations of Nd3+ ions (represented by different colors) do not change the shape of 

the emission bands. In Figure 27 (b), the highest blue emission is obtained from the 

crystals prepared with 0.25 at% of Nd3+ before concentration quenching occurs for larger 

amount of Nd3+.  
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 (a)Normalized UC spectrum of the Ybx10,Tmy0.25,Ndz(0 to 
2) at% crystal Ca1-2(x+y)-zWO4YbxTmyNdzNa(x+y), (b)relative intensity 
of the blue emission at 475nm as a function of Nd2O3 at% in the 

crystals (𝝀exc =808nm) 

According to Figure 27.b, the best UC Crystal doped with 0.25 at% Nd3+, 7.5 at% Yb3+ & 

0.25 at% Tm3+ was chosen for 3D printing. 

3.2 3D printing of Scaffolds  

3.2.1 UC-PeL ratio optimization 

In this section, different ratios of UC-PeL composites are introduced, which were 

optimized to obtain green PeL after 980 and 808 nm charging. After that optimization, 

the ink for scaffolds was prepared. 

Crystal without Nd3+: After the crystal (CaWO4:Yb3+/Tm3+) preparation, UC-PeL 

composites were prepared by manually adding 10 wt% and 15 wt% UC-PeL mix in the 

NaPO3 powder. These UC-PeL mixtures were prepared by adding 2.5 to 14 wt% of 

CaWO4:[Ca1-2(x+y)WO4YbxTmyNa(x+y)]  crystal (co-doped with 7.5 at% of Yb2O3 and 0.125 

at% of Tm2O3) and 1 to 7.5 wt% of SrAl2O4: Eu2+, Dy3+ PeL Phosphors in 0.5 gram 

NaPO3.To optimize UC-PeL composites, 808 nm and 980 nm pump lasers were used. 

After 5 minutes of charging, the composites showed a very weak afterglow in 808 nm, 

but under 980 nm, they showed a strong green afterglow. Figure 28 (a) and (b) depict 

the intensities of the UC-PeL crystals under 808 nm and 980 nm excitation. 
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 Intensity of UC-PeL crystals without Nd3+ different concen-
trations of UC crystal and PeL (a) in 808 nm laser pump with weak 

afterglow; (b) in 980 nm laser pump, strong green afterglow. 

 

In Figure 28, the intensity of the blue emission under 808 and 980 nm lasers increases 

with an increase in the wt% of the UC crystals. More importantly, the 980 nm excitation 

offers more efficient upconversion performance. 808 nm excitation results in much 

weaker upconversion. While green PeL could be seen after 980 nm charging, very weak 

green afterglow could be seen after 808nm charging. The differences stem from the 

excitation pathways because of 980 nm directly driving the Yb3+/Tm3+ upconversion 

process with high efficiency, where 808 nm usually relies on Nd3+sensitization (Wing,22). 

Figure 28 b shows the minimum intensity of the blue emission, which should be achieved 

to charge the PeL phosphors. Low UC concentrations (less than 5wt % of UC crystals) 

are too weak to populate the traps in the persistent phosphor significantly. But at higher 

UC concentrations (10–15%), the upconversion intensity at 475 nm became sufficient to 

excite the phosphor and produce a noticeable green glow after excitation. In practical 

terms, the sample crosses a threshold where NIR charging is effective: enough blue/UV 

light is generated to induce persistent luminescence. This threshold corresponds with 

the higher end of UC loading in the experiment. It is consistent with findings in NIR-

charged persistent phosphor composites, where only above a certain UC output (or 

certain Yb³⁺/Tm³⁺ doping level) is the energy transfer enough to yield visible afterglow. 

(Arango,22). Some studies demonstrated that by combining Yb³⁺/Tm³⁺ upconverters with 

SrAl₂O₄: Eu, Dy, one can achieve green afterglow after 980nm excitation, but the 

afterglow brightness and duration increase with the amount of persistent phosphor 

available to capture the UC emission. (Arango,22). In this case, all samples contained 

some PeL phosphor, and by 12.5–15 wt% UC (with 2.5–1 wt% PeL), the blue output was 

intense enough to charge even that small amount of PeL, yielding a visible afterglow. 
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had the PeL fraction been larger at high UC, the afterglow might have been even 

stronger.  

Here, the best two composites: 10 wt%UC-5 wt%PeL and 14 wt%UC-1 wt%PeL were 

chosen for 3D printing. 

Crystal with Nd3+: UC-PeL composites were prepared by adding 15 wt% UC-PeL in 

NaPO3 Powder. Where UC-PeL mix was prepared by adding 2.5 to 12.5 wt% CaWO4 : 

[Ca1-2(x+y)-z WO4YbxTmyNdzNa(x+y)] crystal (tri-doped with 10 at% of Yb2O3  ,0.25 at% of 

Tm2O3 and 0.25 at% of Nd2O3) and 2.5 to 12.5 wt% SrAl2O4: Eu2+, Dy3+ PeL Phosphors 

in 0.5g NaPO3 powder.  

808 nm and 980nm both excitations are used to optimize these UC-PeL crystals (same 

procedure as the 1st part.). As for the other crystals, the mixtures showed very weak 

afterglow after being charged for 30 minutes with 808nm (Figure 29 a), but they 

luminated a strong green afterglow after being charged for 5 minutes with 980 nm (Figure 

29 b). Here, the best UC-PeL combination (5 wt% UC-10 wt% PeL) and (7.5 wt% UC-

7.5 wt% PeL) were chosen for the 3D printing. 
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3.2.2 3D Printed Scaffolds and Characterization 

Crystal without Nd3+: In the initial stage of the 3D scaffold printing process, the ink is 

prepared with a precise composition. This ink consists of 1393B20 bioactive glass pow-

der (85 wt%) and UC-PeL components as explained in section §2.1.3 which are (1 

wt%UC–14 wt% %PeL), and (10 wt%UC–5 wt%PeL). A Pluronic F-127 binder (30 wt% 

aqueous solution) is added to the mixture to ensure a suitable viscosity for printing. The 

printed scaffold was a cylindrical porous shape with a 6 mm diameter and 2.5 mm height. 

Green afterglow was seen from all scaffold samples after UV charging. Sintered ones 

showed lighter afterglow compared to unsintered ones, which confirms that the PeL par-

ticles lost their brightness on the scaffold after sintering (Figure 30). After sintering, it was 

qualitatively observed that they became denser, brittler, and smoother with slight shrink-

age.  

 Picture of unsintered and sintered scaffolds without Nd3+ in 
daylight, and after UV charging  

The XRD patterns of the sintered and unsintered scaffolds (Figure 31) confirmed the 

presence of crystalline CaWO₄. 
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  XRD patterns of sintered-unsintered scaffold and 1393B20 
glass powder. 

Sintered samples exhibited sharper and more intense peaks compared to unsintered 

ones. The 14 wt%UC-1 wt% PeL composition, with higher CaWO₄ content, showed more 

intense peaks than the 10 wt%UC-5 wt%PeL sample, reflecting the greater proportion of 

crystalline phase. No distinct peaks were attributed to the PeL component, due to its low 

concentration. The 1393B20 glass (top two patterns) displays a broad amorphous humps 

centered around 25–35°, to Figure 31. The unsintered scaffolds showed two peaks at 

20-300, which were attributed to the crystallinity of Pluronic (Pawar,16). The amorphous 

structure remains unchanged after sintering, confirming that the glass phase retains its 

amorphous nature and does not crystallize during heat treatment, which is a desirable 

property for maintaining bioactivity and ion release. (Szczodra,24 b). 

Figure 32 (a) and (b) show the intensity of the blue emission from the sintered and un-

sintered scaffolds under excitation at 808 nm and 980nm. 
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  Relative Intensity of Sintered and Unsintered scaffold with-
out Nd3+doped crystal (a) in 808 nm excitation (b) in 980 nm excita-

tion 

A decrease in the intensity of the blue emission is observed after sintering probably due 

to the formation of defects occurring during the sintering step as reported in (Magalaes, 

25) 
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Crystal with Nd3+: 3D printed composite scaffold was prepared using UC crystal 

CaWO4: [Ca1-2(x+y)-z WO4YbxTmyNdzNa(x+y)]. The ink consists of 1393B20 powder (85 

wt%), and two UC-PeL components are (5 wt%UC–10 wt%PeL), and (7.5 wt%UC–7.5 

wt%PeL). The scaffolds' dimensions were similar to those explained in the previous 

section. Overall, the ink seemed to be capable of 3D printing. Some of the printed 

scaffolds were sintered as explained in §2.1.3. for comparison. Upon 5-minute UV 

charging, the 7.5 wt% UC sample showed brighter afterglow than the 5 wt% UC (Figure 

33). 

 Pictures of Sintered and Unsintered scaffolds in daylight and 
after UV charging  

In Figure 34 (a) and (b), it can be clearly seen that the sintering process also affects the 

blue UC luminescence and green afterglow, as it reduced the blue luminescence from 

7.5*10-7 to 4*10-7nm, which is 47% (for 5 wt% UC-10 wt% PeL) and from 8.5*10-7 to 6*10-

7 nm, which is 30% (for 7.5 wt%UC-7.5 wt% PeL) in 808 excitation. Similarly, in 980 nm 

the luminescence reduced 36% for 5 wt% UC-10 wt% PeL concentration and 64% for 

7.5 wt%UC-7.5 wt% PeL concentration. 
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 Relative Intensity of Sintered and Unsintered Scaffold with 
Yb3+/Tm3+/Nd3+doped crystal (a) in 808nm (b) in 980nm 

Green afterglow was seen from the 5 wt%UC-10 wt%PeL after 980 nm charging. This 

scaffolds also emits a weak green afterglow in 808 nm, seen by the naked eye.  

By comparing printability and luminescence, the CaWO4 crystal, tri-doped with 10 at%Yb, 

0.25 at%Tm, 0.25 at% Nd, has shown the highest blue intensity under 808 nm excitation 

For future studies, more 3D printed scaffolds (without PeL) could be prepared by using 

this upconverted crystal, to observe how the blue intensity works without the PeL particle 

under 808 nm. 
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CONCLUSIONS 

In summary, within this work, blue upconverter crystals were successfully developed and 

their RE concentration optimized to achieve the strongest blue emission. The newly 

developed crystals were integrated into biophotonic 3D-printed scaffolds for bone 

healing applications. The goal was to develop photosensitive and luminescent printable 

scaffolds that are capable of converting NIR to long-lasting green light suitable for 

implantation and optical monitoring. 

YPO₄ and CaWO₄ crystals doped with Nd³⁺ and Tm³⁺ ions were synthesized and 

characterized. Both YPO₄ and CaWO₄ failed to display blue emission under 808 nm 

excitation. For an improvement of the optical properties fitting the purpose, CaWO₄ 

crystals were co-doped with Yb³⁺ and Tm³⁺ ions. This composition showed strong blue 

upconversion emission at 475 nm and weaker red emission near 702 nm under 808 nm 

excitation. The highest blue emission in CaWO4 crystals co-doped with Yb3+ and Tm3+ 

was achieved with 7.5 to 10 at% of Yb3+ and 0.25 at% of Tm³⁺, which demonstrates an 

efficient energy transfer process between Yb³⁺ and Tm³⁺. 

To increase further sensitivity to NIR, CaWO₄ was triply doped with Yb³⁺, Tm³⁺, and Nd³⁺ 

ions. This tri-doped composition, containing 10 at% Yb³⁺, 0.25 at% Tm³⁺, and 0.25 at% 

Nd³⁺ ions, exhibited the highest blue emission in 808 nm excitation. However, higher 

Nd³⁺ concentrations led to concentration quenching, reduced intensity. These results 

showed that dopant ratios are crucial for balancing energy transfer efficiency and, 

therefore, tailoring the optical properties of the materials. 

Successively, the best UC crystals (which showed the highest emission at 808  nm) were 

combined into UC–PeL (persistent luminescent) composites by using NaPO₃ powder. 

Under 980 nm excitation, these composites exhibited intense and long-lasting green 

afterglow. On the other hand, 808 nm excitation produced only weak afterglow. The 

composites were subsequently integrated into 1393B20 bioactive glass for 3D printing 

of cylindrical porous scaffolds. After sintering, the scaffolds preserved their structural 

integrity, porosity, and photoluminescent properties, but with a little bit reduction in 

emission intensity. Among all samples, scaffolds prepared with CaWO₄:(Yb³⁺, Tm³⁺, 

Nd³⁺) displayed the best printability and strongest NIR-induced luminescence. 

This research showed an effective way to create NIR-excitable and bioactive 3D-printed 

scaffolds, which has been prepared from blue upconverter and green persistent 

luminescent phosphors as a dispersed phase within a continuous BAG matrix. These 
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scaffolds combine optical functionality with the ability to be 3D printed and successfully 

sintered into the shape of interest. The optical properties of the material open wide 

perspectives for the applicability in light therapies, for example, to limit the risk of 

infections. 

 

As for the next steps, a wider physicochemical characterization of the scaffolds should 

be performed, including the evaluation of their bioactivity and mechanical properties, as 

well as the characterization of their biological response, both in vitro and, later, in vivo, 

assessing the cyto- and biocompatibility of the material and its osteogenic properties. 

Future studies should also focus on improving the upconversion efficiency at 808 nm by 

changing ratios of PeL phosphors for long-lasting green afterglow. More 3D printed 

scaffolds (without PeL) could be prepared by using this upconverted crystal, to observe 

how the blue intensity works without the PeL particle under 808nm. Additionally, 

investigating only UC crystal scaffolds without PeL particles and glass powder could 

further clarify the role of pure upconverted emission in tissue stimulation and optical 

sensing. 
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