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Abstract 

The treatment of critical-sized bone defects poses significant challenges as these defects often require 

medical intervention. The gold standard treatment, autologous bone grafts, has drawbacks like donor 

site morbidity and limited tissue availability. In response, the field of bone tissue engineering (BTE) 

emerged, aiming to develop biological substitutes or scaffolds utilizing biomaterials, cells, and growth 

factors to regenerate bone. However, challenges such as insufficient vascularization still hinder clinical 

translation. Nonetheless, endochondral bone regeneration (EBR) is a BTE approach that holds 

promise. It involves mimicking a soft callus to serve as template for bone regeneration.  

This thesis focuses on advancing the EBR research of our group by developing a bioink containing 

chondrogenic micro pellets. A microwell system was selected to generate micro pellets, which were 

cultured across four mesenchymal stem cell donors. Seven different cell densities (1500, 3000, 6000, 

12000, 24000, 36000, and 50,000 cells per micro pellet) and a control (250,000 cells per macro pellet) 

were analyzed for size and chondrogenic differentiation with a safranin-O, toluidine blue, and collagen 

II staining. In continuation, micro pellets were combined with Gelatin Methacryloyl (GelMA) to create 

a bioink, which was cast and volumetrically printed to demonstrate functionality by fabricating an 

incus bone shape. 

The microwell system of the Inge Zuhorn group was chosen for further optimization instead of 

microwell stamps. Micro pellets under 6000 cells displayed limited to no GAG and collagen II 

deposition. Above 6000 cells, micro pellets demonstrated unwanted aggregation but exhibited 

complete GAG and collagen II deposition.  Due to these issues, a second bioink, composed of crushed 

macro pellets and GelMA, was formulated. The macro pellets were effectively crushed and integrated 

into bioink and used to volumetrically print an incus bone. 

In conclusion, a microwell system was selected, the initial steps to optimize micro pellet culture were 

taken, and a successful bioink for EBR was formulated and printed. Optimizing and standardizing 

chondrogenic micro pellet culture, bioink formulation, and printing through further experimentation 

is recommended for future applications.  
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Layman’s summary 

Large injuries in bone cannot heal by themselves and require medical intervention. Standardly these 

injuries are treated by taking bone from another part of the body and placing it at the site of injury. 

However, this comes with disadvantages such as a limited supply and a new injury at the site where 

bone was taken. Sometimes bone from another patient is taken and used as an alternative. Yet this 

has limitations as well, such as risk of disease transmission and rejection by the recipient’s immune 

system. Regenerative medicine is a research field that focusses on finding materials, cells, or specific 

proteins that support and guide the body to heal injuries, such as large bone defects.  

Bone can be formed in two ways and of them is called endochondral ossification (ECO). During this 

complicated process, soft cartilage is laid down as a framework so the body can gradually transform 

it into hard bone. In this thesis, the goal was to mimic that cartilage framework in different sized little 

balls, called micro pellets, and combine them with a hydrogel, a polymer network that traps water. 

Together, they are called a bioink, which often consist of a hydrogel combined with all kinds of helpful 

cells, proteins, and molecules. A bioink is a special ink used in 3D bioprinters to fabricate pieces of 

tissue or organs. In addition to the first bioink, the goal was to make a second bioink with bigger 

versions of the micro pellets, called macro pellets, and the hydrogel. The macro pellets were crushed 

to a powder before they were combined with the hydrogel. After creating the bioinks, the goal was to 

use the bioinks to print the shape of an incus bone. The incus bone is one of the small ossicles in the 

ear and could be printed in its entirety. It has complex shape, which would be difficult to make with 

biological materials without the aid of 3D printing.  

To create the cartilage-like micro and macro pellets, mesenchymal stem cells (MSCs) were used. MSCs 

are stem cells that can turn into fat, bone, and cartilage. To turn the stem cells to cartilage, specific 

growth factors are used. To get different sizes, different amounts of MSCs were used when growing 

the micro pellets. After 28 days, the micro and macro pellets were collected, their size evaluated, and 

assessed to see if they successfully turned into cartilage-like tissue.  

We report that micro pellets that were made with a higher amount go MSCs clumped together when 

grown, which was something we did not want. In contrast, the micro pellets that were made with a 

lower amount of MSCs were not able to turn into the cartilage-like tissue. The micro pellets that did 

not clump together, and still showed some signs of being cartilage-like were chosen for the bioink. 

The macro pellets were successfully turned and grown into cartilage-like tissue and crushed into tiny 

pieces. Due to some complications, the first bioink with micro pellets was not tested with the 3D 

printer. Luckily, the bioink with crushed macro pellets was tested and could be effectively printed into 

the shape of an incus bone.  

In conclusion, we showed that it was possible to 3D print a complex shape with bioink that is made 

from a hydrogel and crushed cartilage-like macro pellets. Moreover, we also demonstrated that we 

could grow different sized cartilage-like micro pellets. In the future, we will continue to optimize the 

growth of the micro pellets and the printing of the bioinks.  
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General Introduction 

Challenges in the treatment of critical-sized bone defects 
Bone is a dynamic tissue that undergoes constant remodeling throughout our lifetime and has great 

regenerative capacity (1,2). However, when bone is damaged, depending on the size of the defect and 

the circumstances surrounding the patient, not all bone defects will heal naturally (3). In such 

instances, medical intervention is required to restore bone in the defect site. The current golden 

standard for treatment of such critical-sized bone defects is an autologous bone graft (i.e., bone 

removed from one part of the patient’s body and implanted in another site). However, since these 

grafts are sourced from the patient's own body, they are often accompanied by drawbacks such as 

donor site morbidity, limited tissue availability and long surgery times associated with graft retrieval 

and implantation (4,5). Alternatively, the use of allogenic bone grafts (i.e., bone donated from a 

different individual to the patient) circumvents these drawbacks. Nevertheless, allograft tissue has its 

own set of shortcomings, such as the risk of disease transmission and rejection of the graft by the 

hosts immune system (4).  Thus, as the treatment of critical-sized bone defects can still be improved, 

alternative approaches in the field of regenerative medicine (RM) and bone tissue engineering (BTE) 

have been explored over the years.  

Regenerative medicine & bone tissue engineering 
RM and BTE are multidisciplinary fields that involve the development of biological substitutes or 

scaffolds to repair or regenerate damaged or lost bone tissue. It includes mimicking and supporting 

the inherent capacity of bone to undergo self-repair and regenerate. The research fields focus on both 

acquired (e.g., trauma, tumor resection) and congenital (e.g., polyostotic fibrous dysplasia, 

osteogenesis imperfecta) bone injuries. RM includes different kinds of scaffolds using various 

biomaterials, cells, growth factors, and combinations thereof which have been implemented with the 

aim to replace the autograft bone (3). While the field has advanced, clinical translation remains 

difficult due to several challenges, such as insufficient vascularization, the laboriousness of cell-

seeding techniques which must be ‘good manufacturing practice’ (GMP) produced, and the safety of 

administrating exogenous growth factors for a longer period of time (6)(7). An in-depth discussion of 

these approaches is beyond the scope of this thesis. Readers who are interested in a more in-depth 

discussion of the various approaches to bone tissue engineering are invited to read a fundamental 

review discussing the advances in the field written by Manzini et al (3).  

Bone repair 
Cell-based techniques for bone repair involve the use of patient derived stem cells to drive the 

regeneration of bone. There are two main pathways of bone formation, endochondral ossification and 

intermembranous ossification (3). Earlier tissue engineering approaches aimed to mimic the 

intramembranous route by the direct differentiation of mesenchymal stem cells (MSCs) to osteoblasts, 

which can directly deposit bone matrix in the body. However, the lack of a functional vascular system 

has limited the translation of this approach to more clinically relevant construct sizes (7,8). Conversely, 

in bone repair, endochondral ossification relies on the differentiation of MSCs toward the 

chondrogenic lineage and the development of an intermediate soft callus. Endochondral bone 

regeneration (EBR) mimics this process and when implanted the transient avascular cartilage template 

containing bioactive molecules leads to the invasion of a vascular network and remodeling by 

osteoclasts. During the remodeling process, the cartilage template is gradually broken down and 
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osteoblasts become active which deposit calcified matrix on the cartilage remnants. Over time, the 

calcified matrix hardens, and this process eventually leads to the formation of new bone (9,10).  

Off-the-shelf chondrogenic devitalized spheroids  
Our research group has been dedicated towards using EBR as a strategy for bone tissue engineering. 

In this approach, a cartilage mimetic is generated in the lab by differentiating allogeneic bone marrow 

derived MSCs encapsulated within a collagen hydrogel. After 28 days, the spheroids are devitalized 

(i.e., cells are killed) encapsulated within a hydrogel (e.g., fibrin or collagen) and implanted into a bone 

defect (11,12). The feasibility of our approach has been shown to induce bone formation in both a 

small and large animal model (11,13). Both papers show the feasibility of using off-the-shelf 

devitalized chondrogenic spheroids, derived from allogeneic MSCs, for bone regeneration.  

Volumetric bioprinting 
In combination with a cell-based approach for bone repair, additive manufacturing, also known as 3D 

printing, can be used to make complex and personalized constructs. Critical-sized bone defects are 

often complex in shape. Using an additive manufacturing technique, patient-specific constructs with 

embedded biological components could be fabricated. 

Volumetric bioprinting (VBP) is a specific bioprinting technique that can make complex structures 

within seconds to minutes instead of hours, which is a common drawback of other additive 

manufacturing techniques (14). Additionally, constructs printed with VBP are layerless and do not rely 

on support structures, which allows for freeform fabrication. This is made possible due to the way the 

ink is polymerized. In brief, filtered back projections of the desired construct are beamed onto a 

revolving container containing the photocrosslinkable bioink with visible light. The total energy of the 

visible light surpasses the crosslinking threshold of the bioink in the specific locations where the 

desired construct was projected, which results in the polymerization of bioink and the creation of the 

construct (15,16).  

A bioink for VBP can incorporate cells or tissue constructs like organoids. However, a drawback arises 

because VBP is most effective with bioinks that have a high optical transparency. Particles inside of 

the ink will scatter the light and cause irregularities. Bigger particles will cause more light scattering 

and can cast a shadow, which lowers the resolution of the printed construct (14). However, there is a 

complex new technique that is able to correct for the scattering as described in the paper by Madrid-

Wolff et al. (17). In addition to this technique, which corrects scattering before computing the 

projecting patterns for the constructs, iodixanol can also be used. Iodixanol is a substance which 

makes the light refraction index of particles inside the bioink identical to hydrogel bulk of the bioink 

(16).  

Micro pellets as bioink 
Micro pellets are smaller versions of the ‘macro’ pellet or spheroid containing 1 to 5 x 105 cells and 

are biomaterial-free. Micro pellets, often termed micro tissues, can be useful as building blocks for 

bigger or more complex tissues and can be made in a high throughput manner (18–20).  

As micro pellets are much smaller than macro pellets, they might be more ideal for VBP bioink. They 

cast a smaller shadow, which could be easier to correct for. The same might be the case for the 

scattering of the light. Moreover, micro pellets are pipette-able, thus a micro pellet based bioink could 

be used for extrusion based bioprinters as well.  
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Continuing and combining the research of our group, the micro pellets can be devitalized before being 

incorporated in a bioink. An advantage of using devitalized micro pellets in printed constructs; there 

are no living cells present in the bioink that require specific conditions. Furthermore, the presence of 

free radicals generated during the photo-polymerization process will not harm the cells. It is also 

theorized that post-printing, batches of unpolymerized bioink could be reused due to the devitalized 

nature of the pellets. A scenario which is currently impractical with living cells, as there may be loss of 

cellular functionality. Ultimately, the absence of viable cells in the devitalized micro pellets may extend 

their storage stability and shelf life. 

Outline and aim 
The main aim of this thesis was to create a bioink for EBR.  

To achieve this goal, three main sub aims were addressed: 

1. To establish a microwell system for the generation of micro pellets. 

2. To generate micro pellets in a range of sizes and study the effect of donor age and cell 

number per micro pellet on the chondrogenic differentiation potential. 

3. To demonstrate the initial proof of concept regarding the formulation of a bioink and the 

printability with a volumetric bioprinter. 

This thesis will be divided into three sections, each corresponding to a sub-aim. To begin, the first 

section will delve into the initial sub-aim, and so on.  
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Part 1 – Microwell systems 

Methods 

Study design 
To generate micro pellets, it was necessary to establish a platform for their culture (Figure 1).  The 

goal was to create agarose microwells, as agarose was freely available within the laboratory and 

previous testing had been done with the material. To create the microwell indentations in agarose, a 

microwell stamp was printed with a digital light processing (DLP) printer.  

Two different types of stamps were DLP printed: one with cone-shaped microwell protrusions and 

another with U-shaped microwell protrusions. Every microwell stamp featured 123 individual cone- 

or U-shaped microwell protrusions. Each microwell protrusion had a dimension of 1 mm in diameter 

and 1 mm in height. The shape of the microwell protrusions and the ability of the stamps in producing 

microwells within an agarose gel was evaluated with an Olympus SZ61 stereomicroscope and Olympus 

IX53 microscope respectively. The stamps were compared to their original Autodesk Fusion 360 model 

in terms of size, to ensure accuracy and precision. 

 

Figure 1. Overview of the design, creation, and fabrication of agarose microwells. 

Creation of the microwell system 
An STL file was generated by modeling the microwell stamps in Autodesk Fusion 360 software (Figure 

2). The microwell stamps were DLP printed (EnvisionTEC) with PIC-100 resin (EnvisionTEC). After 

printing, postprocessing involved two washing steps with ethanol in a sonicator bath. Thereafter, the 

parts were post-cured in an ultraviolet (UV)-oven with 3000 flashes of UV light as instructed in protocol 

3 (page 5 of ‘Laboratory Protocols’).  

To produce the microwells with the printed stamps, molecular biology grade agarose powder (28040L, 

Eurogentec) and sterile PBS0 were mixed in a 2 % w/v concentration by following protocol 4 (page 6 

of ‘Laboratory Protocols’). The solution was heated in a microwave until the solution was clear, liquid, 
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and no bubbles remained. As agarose undergoes thermal gelation, the agarose solution was 

maintained in a water bath or oven at 90 °C to keep it in a liquid state until further use. In cases where 

sterility was essential, the agarose powder was autoclaved before being mixed. 

The microwell stamps were designed to be compatible with a 12-well plate. Each well was filled with 

2.5 ml of agarose solution, and the stamps were promptly placed on top. The agarose gel was left to 

solidify for 5 minutes, after which the microwell stamps could be removed. To ensure that no residual 

agarose was left in the wells, the plates were washed with PBS and then centrifuged for 8 minutes at 

900 rpm (21). Subsequently, the PBS was aspirated. The integrity of the microwells was confirmed by 

inspecting them under an Olympus SZ61 stereomicroscope. 

 

Figure 2. Models of the two microwell stamps. On the left, the cone-shaped microwell stamp and on the right the U-shaped 
microwell stamp. Both the cone and U-well shaped microwell were 1 mm in diameter and height. 

Assessment of the microwell stamps 
The microwell stamps were assessed in terms of protrusion shape and function. The shape of the 

microwell stamps was evaluated under the Olympus SZ61 stereomicroscope. The diameter of the cone 

and U-well shaped protrusions was measured with ImageJ v1.54d. software and compared to the 

original Autodesk fusion 360 model. For each microwell stamp, six measurements were conducted, 

three at random in the periphery and three at random in the center. Subsequently, the averages and 

standard deviation (SD) were calculated. 

The performance of the stamps was assessed by producing agarose microwells. The agarose solution 

was prepared and stamped, whereafter the indentations were evaluated for imperfections under the 

Olympus IX53 microscope. Imperfections encompassed variations in diameter and shape among 

microwells. 

Statistics 
A one-way ANOVA with subsequent Tukey post hoc testing was conducted on the measurements of 

the diameters of both U-shaped and cone-shaped microwell protrusions of the microwell stamps. The 

multiple comparisons analysis within the one-way ANOVA aimed to compare the average 

measurements of the periphery and the center, as well as to compare both the center and the 

periphery measurements to the original size in the STL file. 



10 
 

Results    

To evaluate the quality of the DLP printed stamps, they were examined under a microscope. The total 

overview of the seven cone and five U-well shaped microwell stamps can be found in Appendix 1 and 

Appendix 2 respectively. 

The resolution of the DLP printer affected the space between individual printed microwell protrusions 

on the bottom of the stamps, which resulted in fusion of the U-well protrusions. In Figure 3C side view, 

the fusion of these protrusions is visible. In Figure 3D, attempts were made to eliminate the residual 

resin between the protrusions by washing with 100% ethanol, however in both the bottom and side 

view, an excess of grainy resin appeared to persist. Visually, the cone shaped microwell stamps 

showed discrepancies between the periphery and the center of the stamp. In Figure 3A and B, the 

apex of several cone shaped microwell protrusions were missing.  

The measured average diameter of the cone-shaped microwell protrusions in the periphery of the 

stamp is larger than in the original STL file. Furthermore, both in the periphery and at the center, the 

microwell protrusions of the U-well stamp are larger than those in the original STL file. However, there 

was no difference in diameter between the periphery and center microwell protrusions for both cone 

and U-well-shaped microwell stamps (Figure 4). 

The discrepancies between the printed microwell stamps and the original STL files are reflected in the 

agarose microwells that were made (Figure 5). For the cone-shaped microwells, the white arrows 

indicate the variation in microwell diameter achieved with a single stamp. For the U-wells, the white 

arrows illustrate the impact of the fusion of the U-wells on a stamp, resulting in low discernibility of 

individual agarose microwells. 

A summary of the errors among the respective microwell stamps is visualized in Table 1. The defects 

were predominantly located in the center of the microwell stamps.  

 Cone (N = 7)   U-well (N = 5) 

Missing apex 5  Grainy resin residue 4 

Discrepancy in diameters 5  Fusion of microwells 1 
Table 1. An overview of both the quantity and category of microwell stamps with defects, as well as the specific type of defect. 
Notably, a single stamp can manifest multiple defect types. 
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Figure 3. Four microwell stamps that represent the total batch of DLP printed microwells illustrated in Appendix 2 and 3. 
These figures were magnified versions of the figures in Appendix 2 and 3 to highlight the errors in the individual microwell 
stamps.  

Figure 4. Average diameter of the microwells protrusions at the bottom of the stamp in mm. 
A multiple comparisons test between average diameters is shown. * 0.05, ** 0.01, *** 0.001, 
**** <0.0001. 

Figure 5. Agarose microwells. The white arrows in the top row show the variation in microwell diameters. The white arrows in the bottom row show 
the effect of the fusion of the U-wells. The microscopic images include a scalebar measuring 2 mm. 
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Discussion and conclusions 

The design of the microwell stamps was based on previous designs in the laboratory and on the 

microwell stamp made by Gonzalez-Fernandez et al. (21). In contrast to the results of Gonzalez-

Fernandez et al. (21), the microwell stamps of this experiment were printed with varying degrees of 

success.  

During the design process, the resolution of the DLP printer was taken into account. Experts in our 

laboratory knew from experience that the practical resolution did not reach the ideal 25 µm. 

Consequently, the dimensions of the microwell protrusions were kept relatively large. Print resolution 

is affected by various factors, such as print size, layer height, and Z-axis stability. Additionally, post-

processing steps, such as post-curing and ethanol washing, can impact the printed structures as well 

(22). For future experiments involving DLP printing, it is advisable to fine-tune the printer settings to 

improve the resolution. 

In the results, a trend visible was the fusion of the U-well shaped protrusions of the stamps. In 

contrast, little fusion of the cone-shaped microwells protrusions took place. The U-shaped microwells 

fused along the vertical wall of the U-shape, and while it can be argued that the half-moon shape at 

the bottom is the most important part of the microwell, the vertical walls were hypothesized to lessen 

the chance of crosstalk between separate wells. The U-wells could be spaced further apart to obtain 

a better stamp resolution. In addition, the orientation of the stamp while printing could also influence 

the resolution. If the stamps were printed on an angle with supports, the resolution could potentially 

be improved as well (22,23).  

Overall, the cone-shaped microwells possessed preferable functionality in contrast to the U-shaped 

microwells. The fusion of the U-shaped microwells rendered the agarose microwells nonfunctional. 

The U-shape was picked because the spheroids from Longoni et al. (11,12) research were cultured in 

96-well plates, which also have a concave shape. The cone shape was picked to compare to the U-

shaped microwells as it has been hypothesized in our group that the cone-shape might cause 

inhomogeneous matrix deposition. The tapered end of the cone might cause the oxygen tension and 

nutrient availability to be different at the sides and bottom of the micro pellet, in comparison to the 

top, due to differences in diffusion distance.  

Guo et al. (24) suggests that the U-shape is the preferred microwell shape for micro pellet culture in 

comparison to cuboid or cylindrical shaped microwells. Nevertheless, Thomsen et al. (25) developed 

a cone shaped microwell system, which facilitated 3D cell culture, promoted cellular self-organization, 

and therefore cell aggregate formation. Consequently, a conical shape might serve as an effective 

approach for micro pellet creation as well. Moreover, Selimović et al. (26) contend that U-shaped and 

conical microwells provide enhanced media circulation compared to cylindrical microwells. Thus, 

focusing on conical microwells alone could be equally efficient as U-shaped microwells for micro pellet 

culture. 

However, on both types of stamps the individual microwell protrusions exhibited variations in 

diameter. These differences may have implications for the dimensions of the resulting micro pellets. 

Consistency in micro pellet size is crucial for ensuring the reproducibility of the experiment. This 

consistency is unattainable if the microwells inherently possess irregularities. Due to the 

irreproducibility of the DLP printed microwell stamps, a collaboration was made with the Biomedical 

Engineering department of Groningen University, group of Inge Zuhorn, with PhD student Alejandro 

Reina Mahecha.  
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Zuhorn's research group has developed a microwell system that is both 

established and innovative. The microwell system was composed of 

PDMS, with a single PDMS well fitting into the well of a 6-well plate. Each 

well contained 12 macro wells, which all included 19 microwells. As a 

result, a single well can accommodate up to 228 microwells (Figure 6). 

One of the key advantages of this microwell system is that the PDMS 

molds can be reused after autoclaving. Additionally, the molds can be 

customized regarding the quantity of macro wells and microwells, which 

is beneficial for fine-tuning the hMSC number per well, and for 

enhancing the scalability and streamlined collection of micro pellets. 

Because the microwell system has already been established, it would 

require little optimization in terms of microwell system production and 

reproducibility. 

Conclusion 

In conclusion, although the production of agarose microwells using the 

DLP-printed microwell stamps was achievable, the process required 

further optimization to ensure the reliability and reproducibility of the 

fabricated microwells. As a result, the decision was made to adopt the optimized microwell system 

developed by Inge Zuhorn's group at Groningen University. 

  

Figure 6. 2D image depicting the layout of the PDMS 
wells made by the group of Inge Zuhorn. The large 
circle is referred to as the well, the 12 middle-sized 
circles as macro wells, and the 228 smallest circles 
as microwells. 
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Part 2 – Micro pellets  

Methods 

Study design 
Micro pellets were cultured using human bone marrow-derived MSCs (BM-MSCs) from four distinct 

donors (referred to as donor A, B, C, and D, corresponding to donor 52, 53, 56, and 59, respectively). 

A range of different seeding densities was assessed in the microwells (Table 2). An additional 

experimental group was taken along in a 96-well plate and consisted of 50,000 cells per well. A control 

group, referred to as group 8 and composed of 250,000 cells per well, was cultured in a 96-well plate 

as well. All the groups were cultured for 28 days (Figure 7). The chondrogenic differentiation was 

analyzed by histology and the pellet diameter with light microscopy. The light microscopes Olympus 

BX43 and Olympus IX53 were used respectively.  

In a pilot study, donor C was used to determine if hMSCs formed micro pellets in the PDMS microwells 

and if the range of the cell seeding density was feasible (Table 2). Additionally, the pilot study was 

used to determine the best method of pellet collection and to assess if micro pellets differentiated in 

the same timely manner as macro pellets. Donor C, group 1 and 6, were harvested on day 7, 14, 22, 

and 28-30 (based on whether the final collection day was during a weekday). The remaining groups 

were harvested on day 28-30 as well. Group 7 was not included in the pilot study. 

Two of the donors, A and C, are defined as old (age > 70) and the other two donors, B and D, as young 

(age < 20 years). The cells of donor A were isolated at age 74 and the cells of donor C at age 71. The 

cells of donors B and D were both isolated at age 19.  

Group 1 
(cells/well) 

Group 2 
(cells/well) 

Group 3 
(cells/well) 

Group 4 
(cells/well) 

Group 5 
(cells/well) 

Group 6 
(cells/well) 

Group 7 
(cells/well) 

Control/group 8 
(cells/well) 

1500 3000 6000 12000 24000 36000 50,000 250,000 
Table 2. Overview of the number of cells per well for the experimental groups and control that were used to form micro pellets.  

Figure 7. Overview of the chondrogenic culture, collection, and analysis of experimental micro pellet 
groups and the control. 
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Expansion of human BM-MSC 
Human BM-MSCs from four different donors (donor A, B, C, and D) were thawed and subsequently 

expanded in T175 flasks according to protocol 2 (page 3 of ‘Laboratory Protocols’). The cells were 

cultured in MSC expansion medium which consists of α-MEM with 2 mM l-glutamine (22561, Gibco), 

10 % heat-inactivated fetal bovine serum (FBS) (S14068S1810, Biowest), 0.2 mM L-ascorbic acid-2-

phosphate (A8960, Sigma-Aldrich), 100 U/mL penicillin with 100 mg/mL streptomycin (15140, Gibco), 

and basic fibroblast growth factor (bFGF) (233-FB, R&D Systems). Due to the short shelf life of bFGF, 

it was added fresh at a concentration of 1 ng/ml. The medium was changed one day after plating and 

subsequently replaced three times a week.   

The flasks were maintained in an incubator at 37 °C, with 5% carbon dioxide, and under humidified 

conditions. At a confluency of 80% the cells were passaged with trypsin and replated. Upon reaching 

passage 4, the cells were ready for use, and any surplus cells were cryopreserved for future 

application. 

Micro pellet formation and collection 

Formation of the macro and micro pellets 

The micro pellets were formed with passage 4 human BM-MSCs in PDMS microwells. The Inge Zuhorn 

group in Groningen made and tested the PDMS wells. To ensure sterility, the PDMS microwells were 

autoclaved before usage. 

The micro pellets were cultured in chondrogenic differentiation medium consisting of DMEM 

containing glutamax and pyruvate (31966, Gibco), 1% ITS+ premix (354352, Corning), 0.1 µM 

Dexamethasone (D8893, Sigma-Aldrich), 0.2 mM L-ascorbic acid-2-phosphate, 100 U/mL penicillin 

with 100 mg/mL streptomycin (15140, Gibco), and growth factors BMP-2 (InductOS, Wyeth/Pfizer) 

and TGF-β1 (100-21, Pepro-tech). The growth factors were added fresh at a concentration of 

100 ng/mL and 10 ng/ml respectively, according to protocol 1 (page 2 of ‘Laboratory Protocols). The 

medium was changed three times a week and the first three days after plating. 

Before use, according to protocol 5 (page 7 of ‘Laboratory Protocols’), the sterile PDMS microwells 

were pre-conditioned at room temperature by adding 100 µl chondrogenic differentiation media, 

without growth factors, to the macro-wells, followed by centrifugation at 400g for 1 minute. 

Thereafter, the cells could be added to the macro-wells in a suspension of 100 µl chondrogenic 

medium and were centrifuged at 400g for 4 minutes. The plates were placed in the incubator for 24 

hours to assess micro pellet formation. Following incubation, 2 ml of chondrogenic media was applied 

to cover the macro-wells in each well. In the case where micro pellets had not yet formed, protocol 5 

would have been repeated.  

The control macro pellets in the 96-well plate were formed following protocol 5 (page 7 of ‘Laboratory 

Protocols). In the wells of the 96-well plate, a 200 µl suspension of chondrogenic medium containing 

cells was introduced. Subsequently, the plate was centrifuged at 300g for 5 minutes to promote pellet 

formation.  

The cultures for all groups were maintained for 28 days and harvested between day 28 and 31. The 

plates with cells were kept in an incubator at 37 °C, with 5% carbon dioxide, under humidified 

conditions. 
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Collection of the macro and micro pellets 

Micro pellets were collected by removing the 2 ml media on top of the well and flushing each macro-

well separately with the media still present as stated in protocol 5 (page 7 of ‘Laboratory Protocols). 

The plates were tilted 60°, this encouraged the flushed-out micro pellets to gather at the bottom of 

each macro-well. To generate enough force to flush the pellets out, a P200 pipet was used. The micro 

pellets were gathered in a 2 ml Eppendorf tube with a P1000 pipet to avoid damaging the pellets. In 

the case aggregates of pellets were present, a small spoon was used to collect the aggregates.  

Each group (N= approx. 228) was gathered and divided into two Eppendorf tubes, one for histological 

examination and one for the diameter measurements. The micro pellets in the tubes were washed 

with PBS twice, whereafter the bulk of PBS was removed with a P1000 pipet. Subsequently, to 

preserve the micro pellets, approximately 1.5 to 2 ml of 4% formaldehyde was added. To maximize 

the dilution of PBS without risking the loss of micro pellets, the residue of PBS was diluted with 4% 

formaldehyde twice. The control pellets were collected with a small spoon and deposited in a 2 ml 

Eppendorf tube. Afterward, the pellets were washed and stored in the same manner as the micro 

pellets.  

Assessment of micro pellet diameter 
To evaluate the size of the micro pellets, the pellets were transferred from the Eppendorf tubes to a 

petri dish. A few drops of 4% formaldehyde containing micro pellets were extracted after resuspension 

using a P1000 pipette and spread on a petri dish. Subsequently, the micro pellets were imaged under 

an Olympus IX53 microscope or Olympus SZ61 stereomicroscope. The diameter of the pellets was 

measured with Olympus cellSens Entry 4.1.1 imaging software, which was directly connected to the 

microscopes. A built-in measurement tool was used to draw a line along the diameter of each 

individual micro pellet. The program automatically measured the length of the line based on the 

applied magnification. The corresponding size was written down in Microsoft Excell 365. 

In Microsoft Excel 365, the average and SD of each group was calculated. In Table 3, the number of 

micro pellets that were measured per group, per donor is specified. The variations in the numbers 

were due to the inability to handle a micro pellet individually. The diameter of each micro pellet on 

the petri dish was determined. Given the small volume used during pipetting, the number of micro 

pellets per petri dish differs between groups.  

Group 
(cell/well) 

1 
(15000) 

2 
(3000) 

3 
(6000) 

4 
(12000) 

5 
(24000) 

6 
(36000) 

7 
(50,000) 

8 - control 
(250,000) 

Donor A (N) 40 16 46 45 10 8 3 6 

Donor B (N) 11 11 12 22 14 12 4 5 

Donor D (N) 19 14 17 17 22 17 4 4 
Table 3. The number of samples measured for the diameter per group per donor. 

Histology 
The micro pellets were subjected to overnight staining with a solution of 50% eosin in 4% 

formaldehyde within the Eppendorf tubes as part of the histological preparation. Subsequently, the 

pellets were embedded in an alginate gel to avoid losing samples during the embedding process. 

Subsequently, the samples were dehydrated through a series of ethanol steps going from low to high 

concentration, xylene, and eventually paraffin as mentioned in protocol 6 (page 8 of ‘Laboratory 

Protocols). The samples were then cut with a microtome (Leica Histocore biocut, 14061756235) in 5 

µm slices. To ensure the presence of the micro pellets in the gathered slides, the slides were assessed 
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under the microscope during the cutting process. The stained slides were imaged under an Olympus 

BX 43 microscope. 

Safranin-O / fast green staining 

To visualize the glycosaminoglycans (GAG) content of the micro pellets a safranin-O (SAF-O) staining 

was performed. SAF-O stains GAGs varying shades of red. To enhance contrast, fast green is utilized 

as a counterstain, which imparts a green color to the surrounding tissue. The staining was performed 

following protocol 7 (page 9 of ‘Laboratory Protocols). The samples were rehydrated by xylene, a 

series of ethanol steps going from high to low concentration, citrate buffer to remove the alginate gel, 

and lastly demi water. Subsequently, the samples were stained with Weigert’s hematoxylin for five 

minutes, ran in tap water for 10 minutes and one quick change of demi water, counterstained with 

0.4% aqueous fast green solution for 4 minutes, washed with two changes of 1% acetic acid for 5 

minutes, and eventually stained with 0.125% aqueous SAF-O for 5 minutes. To preserve the sample 

and the staining, the samples were dehydrated once more with a quick 90% ethanol, 100% ethanol, 

and xylene series and then coverslipped in Eukitt Quick-hardening mounting medium (03989 Sigma-

Aldrich). 

Toluidine blue staining 

Toluidine blue staining was applied to visualize the GAG content within the micro pellets. Toluidine 

blue stains nucleic acids blue, and GAGs purple due to high affinity towards the sulfurs present in 

cartilage. In comparison, SAF-O has lower affinity towards these sulfurs and will stain less intensely 

(27). Similar to the SAF-O staining, a fast green staining served as a counterstain to provide contrast 

and highlight the GAG content in the surrounding tissue. As described by protocol 8 (page 10 of 

‘Laboratory Protocols), the samples were rehydrated. Afterward, the samples were stained with 0.4 

% toluidine blue, washed with 3 changes of demi water, stained with 0.2% fast green solution, and 

washed with 2 changes of demi water. Again, the samples were dehydrated, and coverslipped.   

Collagen II immunohistochemistry 

Collagen II is the predominant collagen type found in cartilage and is an important marker for 

chondrogenesis (28). The presence and distribution of collagen II in the micro pellets was visualized 

by means of immunohistochemistry (IHC). The samples were rehydrated as stated in protocol 9 (page 

11 of ‘Laboratory Protocols). The samples were blocked with 0.3% hydrogen peroxide (H2O2) solution 

for 10 minutes to prevent any background staining. The antigen retrieval was facilitated enzymatically 

with 30 minutes of 1 mg/ml pronase (11459643001, Roche) and 30 minutes of 10 mg/ml 

hyaluronidase (H2126, Sigma-Aldrich) at 37 °C. Subsequently, samples were blocked with 5% PBS-BSA 

for 30 minutes at room temperature, and incubated with the primary antibody, collagen type II mouse 

monoclonal antibody (DSHB, II-II6B3), in a concentration of 0.6 µg/mL in 5% PBS/BSA at 4 °C overnight. 

The next day, the secondary antibody, BrightVision HRP-anti-mouse IgG (151220, Immunologic), was 

incubated at room temperature for 30 minutes. Following, the samples were incubated in ’3 

diaminobenzidine (DAB) peroxidase substrate solution (SK-4100, Vector Laboratories) for 2-10 

minutes. When brown coloration started to appear, the incubation was stopped by rinsing the samples 

in milli-Q. Mayers hematoxylin was used as a counterstaining. The timing depended on the strength 

of the solution, in general 20 seconds or less was necessary. Afterwards, the samples were run in tap 

water for 10 minutes. In between steps, the samples were washed with 0.1% PBS0-Tween20 (PBS-T) 

unless otherwise specified. Lastly, the samples were dehydrated and coverslipped. Each histological 

staining included a known chondrogenic pellet as a positive control.  
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Statistical analysis 
A two-way ANOVA with a Tukey post hoc test was performed to calculate if any significant differences 

were present between the average diameters of the experimental micro pellet groups of the four 

different donors. A P-value of > 0.05 was deemed significant. A nonlinear line regression, with 

extrapolation to X = 0, was conducted to analyze if the cell number per micro pellet influences the 

diameter of the micro pellets. The calculations were performed in the software GraphPad Prism 10.   
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Results  

Pilot study 
The PDMS microwells effectively generated micro pellets in the designated culture period. Appendix 

3 illustrates the two extremities in terms of cell number per pellet, with group 1 (1500 cells per pellet) 

representing the least and group 6 (36000 cells per pellet) the most. 

Various timepoints were evaluated with histology. The SAF-O staining illustrated that no GAGs were 

detected in group 6 (36000 cells per pellet) on day 7, 14 and 22 (Figure 8). Notably, Figure 8 depicts 

an absence of red staining on day 28-30, while evident red staining is observed in the pellet core in 

Figure 13. This exemplifies intradonor variability, as Figure 8 and Figure 13 represented two distinct 

samples from the same donor at the same timepoint. Group 1 (1500 cells per pellet) depicted a 

consistent absence of red staining across all timepoints. Regrettably, the micro pellets of day 7 were 

not retrievable due to their small size. The SAF-O results were corroborated by the toluidine blue 

staining, which revealed the absence of GAGs in both groups, at all assessed timepoints as well (Figure 

9).  

In contrast, the collagen II IHC staining revealed the presence of collagen II in group 6 at, day 14, day 

22, and day 28, and in group 1 at day 28. The brown staining was present in the center of the micro 

pellets of group 6, day 14, and group 1, day 28. The location of the brown staining was homogeneously 

distributed in group 6, day 22 and 28 (Figure 10).  

 

Figure 8. SAF-O staining of micro pellets from donor C collected at four different timepoints. G1 and G6 represent group 1 
(1500 cells/pellet) and group 6 (36000 cells/pellet) respectively. Microscopic images were taken at a 20x magnification, with 
a scalebar of 100 µm.  
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Figure 9. Toluidine blue staining of micro pellets from donor C collected at four different timepoints. G1 and G6 represent 
group 1 (1500 cells/pellet) and group 6 (36000 cells/pellet) respectively. Microscopic images were taken at a 20x 
magnification, with a scalebar of 100 µm.  

 

Figure 10. Collagen II immunohistochemistry staining of micro pellets from donor C collected at four different timepoints. G1 
and G6 represent group 1 (1500 cells/pellet) and group 6 (36000 cells/pellet) respectively. Microscopic images were taken at 
a 20x magnification, with a scalebar of 100 µm. 

Micro pellet diameter 
The diameter of the micro pellets was measured after fixation.  Figure 11 provides a representation 

of the average diameter and SD of each group for every donor. As expected, a trend was visible, with 

increasing cell numbers per pellet, the diameter of the micro pellets increased. The average diameter 

of the groups composed of fewer cells, group 1 to 3 (1500, 3000, and 6000 cells/pellet, respectively), 

did not increase much with each doubling of the cell count per pellet. The groups composed of a higher 

number of cells, 4, 5, 6, and 7 (12000, 24000, 36000, and 50,000 cells per pellet, respectively), 

increased more in pellet diameter with each subsequent increase of cells per pellet.  

It was notable that the diameters of the micro pellets within groups 4, 5, and 6 (12000, 24000, and 

36000 cells per pellet respectively) exhibited considerable variance. These micro pellets exhibited a 

tendency to aggregate in the microwells, resulting in the notably larger SD (Figure 11) (Appendix 4). 

Group 3 of donor A also exhibited variance. This group did not form the expected spherical pellets and 

instead formed loose cellular aggregates (Appendix 4). This atypical formation led to substantial 

variations in both size and shape.  

In Figure 11, the statistical differences in micro pellet diameter between the groups of the donors A, 

B, and D was illustrated as well. The groups 1 to 5 (1500, 3000, 6000, 12000, and 24000 cells/pellet, 

respectively), demonstrated a difference in diameter size between donors A and D. The micro pellets 
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of donor D were at least averagely 200 µm bigger than the micro pellets of donor A in all 

aforementioned groups. Group 4 showed a similar contrast between donors A, B and D and group 5 

between donors B and D. In contrast, group 6 and 7, and the control did not vary in diameter size 

between donors. Interestingly, there seemed to be a trend visible in Figure 11 that suggests that the 

micro pellets from the elderly donor A (age >70) tended to be smaller in comparison to those from 

the younger donors, B and D (age < 20), however the differences did not reach statistical significance 

between donor A and B.  

Lastly, a linear regression was performed to analyze if the number of cells per pellet influences the 

size of the micro pellets. Overall, the variance in Y, size in µm, was explained by the variation in X, cells 

per pellet, for 32%, 52%, and 37% for donor A, B, and D, respectively. A linear trend appeared to be 

present between the micro pellet size and the number of cells per pellet. Theoretically, this trend 

would pass through zero; however, this was not the observed outcome (Figure 12). 

 
Figure 11. Graph depicting the average size of the micro pellets of the experimental and 
control groups of donors A, B and D in µm. A multiple comparisons test results between 
donors is shown. * 0.05, ** 0.01, *** 0.001, **** <0.0001.  
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Figure 12. Linear regression of the size of the micro pellets in µm versus the number of cells per pellet. In graph A, donor A is 
depicted, in graph B donor B, and in graph C donor D. For each donor the R squared, and function is specified.  

Histology  
The chondrogenic potential of the micro pellets was evaluated with a SAF-O, toluidine blue, and col II 

staining as described in the methodology section. The detection of GAGs and collagen II suggests that 

the micro pellets have effectively undergone chondrogenic differentiation. 

SAF-O 

The SAF-O staining of the control groups (group 8, 250,000 cells per pellet) of donor A, B, and D 

consistently revealed a distinct red staining. This red staining indicated the presence of GAGs within 

the macro pellets and thereby suggested the successful chondrogenic differentiation of the macro 

pellets. The staining was particularly concentrated in the central regions of the pellets and gradually 

decreased towards the periphery of the pellets (Figure 13). 

The distinctive red staining was also observed in several experimental groups: groups 4, 5, 6, and 7 

(12000, 24000, 36000, and 50,000 cells per pellet, respectively) from donors B and D, groups 5, 6, and 

7 (24000, 36000, and 50,000 cells per pellet, respectively) from donor A, and group 2 from donor C. In 

contrast, a subtle pink hue was discernible in group 5 and 6 (24000 and 36000 cells per pellet, 

respectively) from donor C and group 3 (6000 cells per pellet) from donor D.  

Notably, this staining was predominantly evident in groups that aggregated and micro pellet groups 

characterized by a higher cell count per pellet, specifically groups 4, 5, and 6 (12000, 24000, and 36000 

cells per pellet, respectively), and is less pronounced in the micro pellet groups with a lower cell count 

per pellet, groups 1, 2, and 3 (1500, 3000, and 6000 cells per pellet, respectively). Furthermore, the 

red staining is more prevalent in groups derived from younger donors in comparison to those from 
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older donors. Specifically, group 4 (12000 cells per pellet) exhibited positive staining in the younger 

donors, B and D, in contrast to the older donors, A and C. Group 5 and 6 (24000 and 36000 cells per 

pellet, respectively) revealed an similar pattern between donors B and D in contrast to donor C (Figure 

13). 

Toluidine blue  

The chondrogenic differentiation in the control macro pellets was further confirmed by the toluidine 

blue staining. The purple staining was once more concentrated in the central region (Figure 14).  

The results obtained from the toluidine blue staining align closely with those from the SAF-O staining, 

except for group 4 (12000 cells per pellet) from donor D. This group showed negative results for GAGs 

with toluidine blue staining but positive results with SAF-O staining. Within the experimental groups, 

purple staining was observed in groups 5, 6, and 7 (24000, 36000, and 50,000 cells per pellet, 

respectively) derived from donors A, B, and D. Additionally, groups 1 and 4 (1500 and 12000 cells per 

pellet, respectively) from donor B exhibited the identical purple staining. A subtle purplish hue was 

detected in groups 4, 5, and 6 (12000, 24000 and 36000 cells per pellet, respectively) from donor C 

(Figure 14).  

Furthermore, in alignment with the previous SAF-O staining outcomes, all groups that aggregated, 4, 

5, and 6 (12000, 24000 and 36000 cells per pellet, respectively), from the respective donors, A, B and 

D, exhibited positive staining patterns. The difference in positive toluidine blue staining observed 

between young and old donors reflected the results obtained with SAF-O staining, apart from group 4 

(12000 cells per pellet) of young donor D. 

Col II  

Chondrocytes secrete collagen II, which is a pivotal marker for in vitro chondrogenesis (28). The 

presence of collagen II in the control macro pellets was revealed through a collagen II IHC staining, 

providing evidence of chondrogenic differentiation (Figure 15). 

It is noteworthy that collagen II was discerned in groups where there was an absence of red or purple 

staining in the SAF-O and toluidine blue staining respectively. Specifically, groups 4, 5, 6, and 7 (12000, 

24000, 36000, and 50,000 cells per pellet, respectively) from donors A, B, and D exhibited a brown 

staining pattern, primarily localized in regions that were consistent with the GAG staining’s. However, 

group 3 (6000 cells per pellet) exhibited brown staining in donors B, C, and D, while not showing a 

corresponding presence of GAGs. A similar trend was observed in group 4 (12000 cells per pellet) from 

donor A, group 2 (3000 cells per pellet) from donor B, and group 1 (1500 cells per pellet) from donor 

C (Figure 15).  

Once more, the brown staining consistently aligned with the previous outcomes of the SAF-O and 

toluidine blue staining in regard to the groups that aggregated, groups 4, 5, and 6 (12000, 24000 and 

36000 cells per pellet, respectively) of donors A, B, and D. The contrast between the young and old 

donors disappeared with the collagen II staining. Collagen II was detected in more overlapping groups 

of the donors, specifically in group 4 (12000 cells per pellet), group 3 (6000 cells per pellet) (excluding 

donor A), and group 2 (3000 cells per pellet) (excluding donors A and D) (Figure 15).  
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Figure 13. Complete overview of the SAF-O staining of donors A, B, C, and D. G1-G7 represent the different groups with varying 
cell densities per pellet: G1 (1500 cells/pellet), G2 (3000 cells/pellet), G3 (6000 cells/pellet), G4 (12000 cells/pellet), G5 (24000 
cells/pellet), G6 (36000 cells/pellet), and G7 (50,000 cells/pellet). G8 corresponds to the control group (250,000 cells/pellet. 
Microscopic images were captured at a 20x magnification, with a scale bar of 100 µm in the larger images. In the smaller 
pictures in the left corner, the magnification was set at 4x, and the scale bar measured 400 µm. 
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Figure 14. Complete overview of the toluidine blue staining of donors A, B, C, and D. G1-G7 represent the different groups 
with varying cell densities per pellet: G1 (1500 cells/pellet), G2 (3000 cells/pellet), G3 (6000 cells/pellet), G4 (12000 
cells/pellet), G5 (24000 cells/pellet), G6 (36000 cells/pellet), and G7 (50,000 cells/pellet). G8 corresponds to the control group 
(250,000 cells/pellet. Microscopic images were captured at a 20x magnification, with a scale bar of 100 µm in the larger 
images. In the smaller pictures in the left corner, the magnification was set at 4x, and the scale bar measured 400 µm. 
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Figure 15. Complete overview of the collagen II immunohistochemistry staining of donors A, B, C, and D. G1-G7 represent the 
different groups with varying cell densities per pellet: G1 (1500 cells/pellet), G2 (3000 cells/pellet), G3 (6000 cells/pellet), G4 
(12000 cells/pellet), G5 (24000 cells/pellet), G6 (36000 cells/pellet), and G7 (50,000 cells/pellet). G8 corresponds to the 
control group (250,000 cells/pellet. Microscopic images were captured at a 20x magnification, with a scale bar of 100 µm in 
the larger images. In the smaller pictures in the left corner, the magnification was set at 4x, and the scale bar measured 400 
µm. 
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Discussion and conclusions 

In part 2 of this thesis the aim was to generate micro pellets in a range of sizes and study the effect of 

donor age and cell number per micro pellet on the chondrogenic differentiation potential. Micro 

pellets have been made before with different microwell systems, and different cell types (21,29–32). 

In this experiment, BM-MSCs were used to generate micro pellets, which were chondrogenically 

differentiated in PDMS microwells over 28 days.  

The pilot study demonstrated that the microwells supported the formation and collection of micro 

pellets composed of a range of cell densities. After differentiation in chondrogenic media, the micro 

pellet cells displayed morphology characteristic of chondrogenesis, with round cells situated in 

lacunae comparable to the cartilage shown by Hu et al. (33). Unexpectedly, SAF-O and toluidine blue 

stained negative in a majority of the samples, revealing a discrepancy between the chondrogenic 

morphology and the GAGs present in the micro pellets. This might be explained by the age of donor 

A. Donor A is considered an old donor (age > 70) and aged hMSCs can have a decreased chondrogenic 

potential as shown by Kanawa et al. (34). However, the control macro pellets did show the presence 

of GAGs. Therefore, the low cell number per micro pellet might have hindered sufficient cell-to-cell 

contact, potentially affecting robust GAG production in the micro pellets (35,36). Interestingly, the 

collagen II IHC did yield positive staining in the micro pellets. It could be that the old age of donor A 

influenced the GAG to collagen II production ratio (28,37). 

Following the pilot study, three additional donors, A, B, and D, were used for micro pellet culture. 

Overall, a few trends were apparent in the results. To start, it has been argued in literature that larger 

pellets contain inhomogeneous ECM coverage in relation to components such as GAGs and collagen 

II. Necrotic cores were also reported in some studies (38,39). In addition, Sarem et al. (40) 

demonstrated that the number of cells in a pellet or spheroid influences the chondrogenesis. A lower 

number of cells initiated chondrogenic differentiation and accelerated the process as well. It is 

important to note, however, that the cell seeding density ranged from 70,000 to 500,000 in their 

experiment (40). Hence, based on literature, smaller pellets seem to be favorable.  

However, in our study, the control groups did not contain necrotic cores and showed homogenous 

coverage of collagen II over the complete area of the pellet. In contrast, the GAGs were primarily 

concentrated in the center of the pellet and lacked at the periphery. Our results were line with Lam 

et al. (41), who also observed collagen II more prominently at the periphery and GAGs in the center 

of hMSC pellets with high matrix production. In this experiment, the micro pellets from group 4 to 7 

(12000, 24000, 36000 and 50,000 cells per pellet respectively) showed homogenous GAG and collagen 

II formation similar to control groups. Unexpectedly, with a lower cell count per pellet, the distribution 

of GAGs and collagen II was irregular or not present. This could be influenced by the oxygen tension 

in the micro pellets with a lower cell number. Studies have shown that hypoxia is important for 

chondrogenic differentiation of MSCs (39,42). It is likely that the micro pellets that remained small 

enough to stay within the range of oxygen diffusion (approximately 200 µm) did not experience 

hypoxia, or the exposure to normoxic oxygen conditions inhibited the micro pellets, resulting in less 

chondrogenesis, while larger micro pellets in groups 4 to 6 (12000, 24000, and 36000 cells per pellet 

respectively), as well as group 7 (50,000 cells per pellet), appeared to have experienced hypoxia (43).  

It is worth noting that the lack of GAGs in group 1 to 3 (1500, 3000, and 6000 cells/pellet respectively) 

in all groups contradicts the findings of Futrega et al. (32). In their study, micro pellets containing 5000 

cells/pellet were cultured with TGF-β exposure which resulted in chondrogenic differentiation after 

21 days. Furthermore, the micro pellets performed just as well as the macro pellets, containing 2 * 
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105 cells, that were used as a control. Interestingly, they used BM-MSCs for the micro pellets that were 

cultured in 2% oxygen. In another study, De Moor et al. (29) cultured micro pellets consisting out of 

315 cells/pellet and observed the presence of GAGs at day 28. With a different cell type, periosteum-

derived MSCs, Nilsson Hall (44) generated micro pellets consisting of approximately 250 cells per pellet 

and observed low GAG deposition at day 21. However, when the micro pellets were implanted into a 

critical sized defects of immunodeficient mice, the pellets facilitated full bridging of the defect in four 

weeks (44). In contrast, to the normoxic oxygen conditions of the previous papers, Markway et al. (39) 

cultured micro pellets consisting of 170 cells per pellet at a low oxygen tension and saw GAG and 

collagen II deposition just after 14 days. Berneel et al. (31) identified similar results with fibro 

chondrocyte micro pellets at low oxygen tension.  

Overall, in literature, there are conflicting reports regarding the chondrogenic potential of micro 

pellets. This highlights the complexity of optimizing chondrogenic micro pellet cultures. While lower 

cell numbers seem to be more favorable for chondrogenesis, the presence of GAGs and collagen II in 

micro pellets seems to vary depending on multiple factors, including cell type, oxygen tension, and 

specific experimental conditions, such as the microwell system. These findings emphasize the need 

for further research to refine the use of chondrogenic micro pellets as a method for bone 

regeneration. It is important to standardize the field to achieve more consistent and effective 

outcomes that can be better compared.  

The second trend to be discussed is related to the size of the micro pellets. As anticipated, the number 

of cells per micro pellet dictates the size of the micro pellets to a certain extent. The calculated line 

illustrated that the relationship between X (cell density) and Y (the diameter of the micro pellet) was 

seemingly linear. However, approximately 70% of the variance in Y could not be explained by X, except 

for donor B which showed a 50% correlation. This goes to show that there are other significant factors 

that play a role in determining the size of the micro pellets.  Murphy et al. (45) drew a similar 

conclusion when comparing the measured radius to the expected calculated radius of pellets, which 

was calculated with the number of cells per pellet among other factors. Interestingly, they found a 

correlation in the smallest group which was composed of 15000 cells per pellet. However, this 

correlation was not found in their other two groups, which contained 30,000 and 60,000 cells per 

pellet, respectively, as these pellets had larger radii than expected. The conclusion that was taken 

from this experiment was that the packing density of the cells decreased when pellets became bigger 

in size (45). This phenomenon could explain the minimal correlation between the size of the micro 

pellets and the number of cells per pellet.  

Furthermore, Lam et al. (41) discovered that small hMSC aggregates compacted more than large 

aggregates. This ties into the difference in packing density between small and large pellets. In their 

collagen II staining, they found collagen II deposited in the center of these pellets which they linked to 

more contractile cells. They detected that collagen II in larger aggregates was mostly deposited along 

the periphery of the pellets and GAGs in the center (41). This was not the case for the smaller 

aggregates, which was mirrored in the results of this experiment. However, the aggregated micro 

pellets within groups 4 to 6 (12000, 24000, and 36000 cells per pellet, respectively) introduced a 

notable variation in the mean size of the micro pellets and acts as a confounding factor. As a result, it 

is imperative to repeat the experiment to establish whether, in addition to cell density, other factors 

like cellular contraction and packing density exert a substantial influence in determining the size of 

the micro pellets.  

The final trend that was observed in this study was that the age of the donors had an impact on the 

chondrogenic differentiation and size of the pellets. The results showed that there was a variation 

among the donors, with significant differences between the old (age > 70) and the young donors (age 
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< 20) (donor A and C versus donor B and D respectively). The differences between the donors were 

particularly noticeable in groups 1 to 4 (1500, 3000, 6000, and 12000 cells per pellet respectively), 

which were smaller in size compared to the young donors. Moreover, group 4 (12000 cells per pellet) 

of the old donors showed little to no GAGs and collagen II deposition, unlike group 4 of the young 

donors. While these differences could be attributed to donor variability (41), previous studies have 

shown that older donors tend to deposit less matrix upon chondrogenic differentiation with a decline 

in chondrogenic potential (34,46). Therefore, it would be optimal to use a younger donor for future 

experiments.  

Additionally, due to the difficulties with the micro pellet culture, the lack of chondrogenic 

differentiation and the unwanted aggregation, macro pellets were considered for the subsequent 

formulation of a bioink. In this study, the macro pellet controls chondrogenically differentiated 

successfully and consistently, among all donors. Given the large diameter of the macro pellets, they 

could be crushed to a powder prior to incorporation in to the bioink. This would make the bioink 

extrudable and facilitate a uniform distribution of active components throughout the bioink. It was 

hypothesized that the powder would retain the active components necessary for EBR. Similar to how 

decellularized ECM (dECM) bioinks have been used to replicate the microenvironment of tissues (47). 

Jang et al. (47) discovered that a dECM-based bioink construct enhanced cellular function after 

implantation, which resulted in improved therapeutic outcome.  

Conclusion 

Based on the results of this chapter, it was concluded that smaller micro pellets (< 6000 cells per pellet) 

and a young donor were the preferred choices for the development of bioink incorporating micro 

pellets. Smaller micro pellets did not demonstrate unwanted aggregation and the chondrogenic 

differentiation of the micro pellets from younger donors proved to be more successful compared to 

those from older donors. Consequently, group 3 (6000 cells per pellet) and donor B were selected for 

subsequent experimentation to formulate a bioink. Group 3 exhibited minimal aggregation, promising 

morphological characteristics, and clear collagen II deposition. In addition, considering the successful 

chondrogenesis of the macro pellets, the decision was made to formulate a second bioink with 

crushed macro pellets.  

Limitations and future directions 

The chondrogenic differentiation of the micro pellets was evaluated with a SAF-O, toluidine blue, and 

col II staining. While these staining’s visualize important components of cartilage-like tissue, such as 

GAGs and collagen II, the data is qualitative. To investigate the relative number of GAGs per DNA 

present, the quantitative dimethylmethylene blue (DMMB) assay could be performed in the future. 

Furthermore, a collagen X IHC could be performed to assess signs of hypertrophy in the micro pellets 

(48).  

The culture conditions remained consistent across all culture periods for each donor, except for the 

collection date which ranged between day 28 to 31. Furthermore, the pilot study lacked an internal 

control. The control pellets for the pilot study data had been generated a few weeks in advance. In 

addition, no controls were cultured for the individual analyzed timepoints during the pilot study.  

The aggregation issue observed in groups 4 to 6 (12000, 24000, and 36000 cells per pellet, 

respectively) of donors A, C, and D introduced considerable variation in diameter. The aggregation 

might have been caused by the partial media exchange that was maintained. The micro pellets from 

the two young donors seemed to produce more ECM, resulting in larger micro pellets which were 
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easily dislodged from their individual microwells during media exchange. In contrast, the micro pellets 

of donor C were difficult to collect and required several washing steps to dislodge.   

The aggregation of the micro pellets is a problem that Futrega et al. (18) overcame by the creation of 

the microwell-mesh. This mesh was applied over the microwells to secure the micro pellets within 

their designated microwells during media exchange. The micro pellets tended to attach to the mesh 

and were detached with a cell scraper on the collection day (18). In future micro pellet experiments, 

it would be advisable to use the microwell mesh to limit unwanted aggregation. In addition, the 

integration of a microwell mesh could enhance the efficiency of micro pellet collection. As the micro 

pellets adhere to the mesh, they can be easily dislodged using a cell scraper. A microwell mesh could 

be produced in-house with melt electro writing (MEW).  

In future experiments, micro pellets could be subjected to hypoxic conditions to provide insight into 

the impact of low oxygen levels on their chondrogenic differentiation. It would be interesting to 

evaluate whether hypoxia induces the production of GAGs in smaller micro pellets (< 6000 cells per 

pellet). These micro pellets, with a diameter within the range of oxygen diffusion (approximately 200 

µm), typically do not encounter hypoxic conditions during normoxic culture.  
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Part 3 – Bioinks 

Methods 

Study design 
In chapter 3, the concluding part of the study, the objective was to formulate two bioinks (Figure 16). 

One incorporating the micro pellets (6000 cells per pellet) into a gelatin methacryloyl (GelMA) solution 

and the second combining pulverized macro pellets (250,000 cells per pellet) with a GelMA solution. 

The micro and macro pellets were devitalized prior to formulation of the bioinks. After devitalization, 

the macro pellets were crushed to a powder with a bead beater.  

The bioinks were initially poured into a circular PDMS mold and a flat-bottom 96-well plate. This pilot 

experiment was conducted to assess the ability of GelMA to form a gel with embedded pellet particles. 

The resulting constructs were evaluated using the Olympus SZ61 stereomicroscope to ascertain 

whether the intended shape was achieved.  

Subsequently, the functionality of the bioink was tested with a volumetric bioprinter. The bioprinter 

was employed to produce two distinct shapes: the test ‘lemon’ shape and the shape of an incus bone. 

The ‘lemon’ shape was printed to determine the printability of the bioink and to assess the optimal 

light dose. Following the identification of the optimal light dose, the incus bone was printed. The shape 

of an incus bone was selected due to its size, the bone was small enough to be printed entirely, and 

its complex shape, making it an ideal test specimen. The fabricated constructs were stained with Alcian 

blue following the printing process and examined under the Olympus SZ61 stereomicroscope. The 

printed constructs were compared to their models in the original STL files. 

Figure 16. Overview of the formulation of two bioinks, one composed of GelMA and micro pellets (6000 cells per pellet) and 
the other composed of GelMA and crushed macro pellet powder, and the subsequent experimentation with the bioinks.  
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Macro and micro pellet culture and chondrogenic differentiation 
For the third chapter, the culture of macro and micro pellets was repeated. Six PDMS microwell system 

wells were positioned in a 6-well plate for the cultivation of approximately 228 micro pellets. Around 

70 macro pellets were cultured in a low-attachment round-bottom 96-well plate. Both cultures 

followed the procedures outlined in the methods of part 2: ‘Micro pellets’ and protocol 5 (page 7 of 

'Laboratory Protocols'). The prior expansion of hMSCs was performed as described in protocol 2 (page 

3 of 'Laboratory Protocols'). 

Collection and freeze-drying of the macro and micro pellets 
After 28 days of culture, the macro and micro pellets were harvested and distributed across multiple 

Falcon tubes following the guidelines in the methods of part 2: ‘Micro pellets’ and in protocol 5 (page 

7 of 'Laboratory Protocols'). The devitalization process was conducted as described by Longoni et al. 

(11). Complete removal of the PBS0 in which the micro pellets were collected proved challenging. 

Consequently, the micro pellets were immersed in as little as possible PBS0, avoiding pellet loss during 

pipetting, and subsequently subjected to freeze-drying. The freeze-dried pellets were stored in a -80 

°C freezer.  

Crushing of the macro pellets 
The macro pellets were crushed with zirconium beads (120524-890, Bertin Technologies) in a bead 

beater (Mini beadbeaterTM, Biospec products), following protocol 10 (page 13 of ‘Laboratory 

Protocols). Screw-capped microtubes (5082211, Sarstedt) were used to prevent spillage during the 

bead beating process. These micro tubes were autoclaved in advance for sterility. In a flow hood, 20 

macro pellets were added to each micro tube, and zirconium beads were added to fill the tubes 

halfway (49). After adding the beads, the microtubes were placed on dry ice. The pellets were placed 

in the bead beater and beating was conducted for 1 minute, followed by cooling for 1 minute on dry 

ice. This process was repeated three times. 

Formulation of the bioink 

Preparation of the GelMA 

The bioink was prepared sterilely with different concentrations of GelMA in a flow hood conform to 

protocol 11 (page 14 of ‘Laboratory Protocols). A 5% and 10% GelMA was made with 50 mg and 100 

mg freeze-dried GelMA, which was added to 950 µl and 900 µl 0.1 % LAP (Lithium Phenyl-2,4,6-

trimethylbenzoylphosphinate) in PBS0, respectively. The 0.1 % LAP/PBS0 was prepared with a 1 % 

LAP/PBS0 stock solution. The stock solution was made with 100 mg LAP powder in 10 ml PBS0. The 

lights in the flow hood were switched off due to LAP's sensitivity to light. 

After combining the components, the falcon tube was wrapped in aluminum foil to diminish the light 

exposure. To ensure the components were fully mixed, the falcon tube was put in a falcon tube spinner 

in an incubator at approximately 37 °C for 30 minutes. The bubbles that subsequently formed were 

eradicated by spinning the falcon tube down at 400g for 1 minute.  

Incorporation of the micro pellets 

The micro pellets were removed from the -80 °C freezer and rehydrated in PBS0, whereafter excess 

PBS0 was subsequently removed. The rehydrated micro pellets were then incorporated into the 

prepared GelMA to complete the bioink formulation. 
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Incorporation of the crushed macro pellet powder 

The powder obtained from the pulverized macro pellets was collected using either PBS0 or 0.1 % 

LAP/PBS0 solution as stated in protocol 10 (page 13 of ‘Laboratory Protocols). One milliliter of the 

solution was introduced into screw-capped microtubes, after which the contents of the microtubes 

were transferred to a small petri dish. The beads and microtubes were repeatedly washed with the 

chosen solution, and consequently gathered in separate Falcon tubes or immediately combined with 

the freeze-dried GelMA to create the final bioink. 

Casting the bioink 
The casting of the bioinks served as preliminary experiment before bioprinting was performed. The 

casting pilot was performed with the bioink incorporating crushed pellet powder. The bioink contained 

around 25 crushed macro pellets of donor 56 in approximately 500 µl 10% GelMA. The prepared bioink 

was cast into a flat bottom 96-well plate and a circular PDMS mold following the steps outlined in 

protocol 12 (page 15 of ‘Laboratory Protocols). The bioinks were kept in an incubator at 37 °C to 

maintain fluidity, given that GelMA can gelate reversibly at temperatures below 37 °C. When the 

bioink was removed from the incubator, it was instantly pipetted into the wells. It was crucial to avoid 

the formation of air bubbles as these could distort the shape of the cast constructs. A control well 

containing only GelMA was included. Both the wells in the PDMS mold and the 96-well plate were 

cured for 3 minutes in a UV-oven. 

Volumetrically printing the bioink 
Crystal printing vials were filled with the bioink and chilled on ice to ensure the 

GelMA would thermally gelate. This would facilitate an even distribution of the 

micro pellets or crushed pellet powder in the bioink in the vials. When the printing 

vial was placed in the volumetric printer the height of the vial was adjusted to 

ensure the light projection would hit the vial at the correct location, which was 

visible on a linked computer. To evaluate the printability of the incus bone shape 

volumetrically and to assess the level of detail achievable in the construct, 250 µl 

of 5% GelMA was printed at various light doses—245, 250, 260, and 270 mJ/cm2 

(Figure 18). 

In the continuing experiment, the bioink containing incorporated crushed pellet 

powder was tested. The applied bioink consisted of around 65 crushed macro 

pellets in approximately 5 ml of 10% GelMA, subsequently diluted to 5% GelMA 

to achieve a higher volume. Initially, a ‘lemon’ test shape was printed at varying 

light doses (250, 300, and 500 mJ/ cm2) to assess the bioink's ability to achieve 

detailed structures, specifically the middle strut (Figure 17). With the most 

optimal light dose, a triplicate was printed to statistically compare the diameter 

of the outer ring and middle strut with the original STL file. Subsequently, upon 

successful printing of the middle strut, the incus bone was printed. The incus 

bone was printed at different light doses (270 and 300 mJ/ cm2), based on the 

optimal light dose for the previously printed ‘lemon’ shape.  

Following the printing process, the fabricated constructs were rinsed with PBS0 

and transferred from the crystal printing vials to a 12-well plate. The constructs 

were printed and processed according to protocol 13 (page 16 of ‘Laboratory 

Protocols).  

Figure 17. The shape of the 
lemon test shape for volumetric 
printing. The outer ring is 1 mm 
in diameter and the inner strut 
0.5 mm. Courtesy of Paulina 
Nunez Bernal.  

Figure 18. Incus bone shape for 
volumetric printing. The incus is 
approximately 6.7 mm in height, 
5.2 mm in width, and 1.5 mm in 
length.   
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Construct assessment 
Both the cast and printed constructs were assessed with an Olympus SZ61 stereomicroscope. The cast 

constructs were imaged with black background on the tip of a spoon or spatula to ensure that the 

construct held shape when taken out of PBS0.  

The volumetric printed constructs were stained with Alcian blue prior to imaging. The staining 

duration varied, typically requiring 5 minutes or less, depending on the Alcian blue solution's 

concentration. Following the staining, the constructs were washed with PBS0, and subsequently 

imaged in the PBS0 medium to evaluate both the construct's shape and the distribution of the crushed 

pellets. The outer ring and the inner strut of the triplicate ‘lemon’ shape were measured with Olympus 

cellSens Entry 4.1.1 imaging software. Measurements were taken at three randomly selected locations 

on both the outer ring and inner strut, and the averages and SD were calculated.  

Statistical analysis  
A two-tailed unpaired T-test was conducted to determine the presence of a significant difference 

between the average diameter of the volumetrically printed 'lemon' outer ring and inner strut, and 

their original STL file. A P-value of > 0.05 was deemed significant. The calculations were performed in 

the software GraphPad Prism 10.  
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Results 

Casting 
The bioink with crushed pellets was initially evaluated through casting. In Error! Reference source not f

ound., the resulting constructs are displayed. There was a limited number of macro pellets available 

for crushing in this pilot, which led to a sparse distribution of pellet powder. The crushed donor 56 

macro pellets resulted in relatively large individual particles, ranging from approximately 500 to 1400 

µm. In the top view of Figure 20, both groups showed singular pellet pieces, reflecting the restricted 

amount of powder applied in this trial. The constructs held shape when taken out of the molds and 

when turned on the spatula (Error! Reference source not found. side view).   

Volumetric bioprinting 
The ‘lemon’ shape was printed to assess the bioink's ability to crosslink after UV exposure. Different 

light doses were deployed to evaluate the optimal light dose range. In Figure 21, there is a trend 

visible, when the light dose increased, the thickness of the outer bands of the lemon increased as well. 

In Appendix 5, a microscopic overview of the triplicate of the ‘lemon’ constructs, printed with a light 

dose of 250 mJ/cm2, is given. Figure 22 illustrates that there is no difference in the measured diameter 

of the outer ring and inner strut compared to the same features in the original STL file.  

The optimal light dose was expected to fall between 250 and 300 mJ/cm2, based on the light doses 

employed for printing the lemon shape (Figure 21). The incus bone shaped constructs were 

subsequently printed using a light dose of 270 mJ/cm2. The incus-shape was printed with a light dose 

of 300 mJ/cm2 as well, to examine whether the details of the incus-shape became more or less defined 

(Figure 20). Visually, the incus-shape printed with a light dose of 270 mJ/cm2 appeared very similar to 

the control. In contrast, the incus-shape printed with a light dose of 300 mJ/cm2, visually deviated 

from the control at the apex of the incus, where an indentation was observed (Figure 22). The particles 

were distributed evenly, and individually visible, in both constructs. The size of the particles ranged 

from approximately 4 to 45 µm. In comparison to the original STL file, every incus bone shaped 

construct visualized in Figure 22 lacked details, such as the lenticular process at the end of the long 

crus where the incus connects with the subsequent ossicle. 

Figure 19. Cast bioink constructs consisting of 10% GelMA with crushed pellet powder. The white squares highlight the presence 
of a crushed pellet particle. The microscopic images include a scalebar measuring 2 mm. 
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Figure 22. The average diameter of the outer ring and the middle strut of three ‘lemon’ shaped constructs printed with a light 
dose of 250 mJ/cm2. The control represents the original size in the STL file, which was 1 mm for the outer ring and 0.5 mm for 
the middle strut.  

Figure 21. Volumetrically printed 'lemon' test shapes stained with Alcian blue. Different light doses were used, 250, 300, and 
500 mJ/cm2. The dark spots in the blue constructs are crushed pellet particles. The microscopic images include a scalebar 
measuring 2 mm. 

Figure 20. Volumetrically printed incus bones. Two light doses were used, 270 and 300 mJ/cm2. The dark spots in the blue 
constructs are crushed pellet particles. The control was printed with different light doses as well, 245, 250, 260 and 270 
mJ/cm2. No visible differences were detected and only one light dose is shown. The light dose for the control was unspecified 
because the light dose per specific control was unknown; after printing, the controls were not separated for post-processing. 
The microscopic images include a scalebar measuring 2 mm. 
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Discussion and conclusions 

In part three of this thesis, the goal was to create and evaluate a bioink 

composed of chondrogenically differentiated pellets and GelMA. The bioink 

incorporating micro pellets was not evaluated. However, as a courtesy of 

Paulina Bernal Nunez, Figure 23 shows that printing with micro pellets should 

be possible. The bioink mentioned hereafter is composed of crushed macro 

pellet powder and GelMA.  

The printed constructs demonstrated that the integration of macro pellet 

particles into the GelMA did not visibly impact the printability of the bioink 

and the shape fidelity of the constructs. It was hypothesized that the 

incorporation of the macro pellet particles would induce scattering as the 

particle’s ECM is non-transparent and thereby affect shape fidelity (14,17). 

However, the triplicate of the 'lemon' shape, which were printed with a light 

dose of 250 mJ/cm², exhibited no variances in outer ring and middle strut 

diameter when compared to the original STL file. Therefore, it appears that 

the degree of scattering was relatively minimal.  

Nevertheless, despite the successful volumetric printing of the bioink, the printed incus bone shape 

lacked crucial details compared to the original STL file. Specifically, the lenticular process at the end 

of the long crus. The absence of these details could be attributed to the fact that the ideal printer 

settings necessary for the optimal resolution were not established (50). The lenticular process of the 

incus is 260 µm in diameter, which is the smallest diameter of the incus bone (51). A resolution of 260 

µm should be printable with a volumetric bioprinter, as shown by Bernal et al. (15,16) and Loterie et 

al. (52). It is worth emphasizing that the light dose plays a pivotal role in determining the resolution 

of the printed constructs. An excessive dose may lead to off target crosslinking within the bioink (15). 

Furthermore, the diffusion of the chemical components in the bioink could affect the resolution as 

well (15).  

These are all components that warrant consideration in subsequent experiments. Moreover, it would 

be rational to implement strategies to mitigate the impact of scattering and assess their effect on the 

construct resolution (14,16).  

In our experiment, the density of the macro pellet powder within the cast bioink constructs was 

notably low. In contrast, in the printed constructs, the particle density was relatively higher with an 

even distribution through the constructs. Nevertheless, individual particles with various sizes 

remained visible. To attain and enhance uniform dispersion of the powder within the constructs, a 

finer particle size should be achieved. Furthermore, the density of the powder in the bioink could be 

increased in increments to thoroughly explore the crosslinking capabilities of the bioink. Therefore, 

the reduction of scattering within the bioink could be paramount in following experiments. 

To attain a finer powder in future experiments, the use of one 9.5 mm stainless-steel bead is 

recommended for small samples. Additionally, a cryogenic pulverization process should be employed 

to ensure the thorough powderization of the pellets (53). Thereafter, the optimal powder density 

within the bioink should be established. 

 

Figure 23. Volumetrically printed lemon 
shape composed of GelMA and aggregated 
cells of a hepatocyte cell line. Courtesy of 
Paulina Nunez Bernal.  
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Limitations and future directions  

The consistency between the cast constructs and the volumetrically print constructs lacked in regard 

to the bioink formulation. The casts were formulated with 10% GelMA while the printed constructs 

were made with 5% GelMA. In the future, the goal is to print with different percentages of GelMA, 

including 10%. Literature indicates that various percentages GelMA have been used for volumetric 

printing. Gehlen et al. (50) evaluated GelMA concentrations of 2.5 %, 5 % and 10 %. For their 

application, which involved live cells, a concentration of 5% GelMA was optimal. However, in this study 

where the bioinks contained dead cells, a 10% GelMA composition, offering higher stiffness and 

increased stability, might be of interest. 

The exact amount of LAP in the cast and printed constructs is unknown because a mistake was made 

in the calculations for the 1% LAP stock solution, which affected the derivative 0.1 % LAP/PBS solutions 

that were used in the formulation of the bioinks. It was known that the concentration of the LAP in 

the 0.1% LAP/PBS solution was below 1%, but in following experiments the concentration should be 

exact. The LAP concentration is important for the resolution of the fabricated constructs (15,50). There 

is an inverse relation between the LAP concentration and the light dose needed to crosslink a construct 

(50).  

During the bead beating process, some screw-capped micro tubes cracked due to the stark difference 

in temperature between the cycles of cooling and beating. It is recommended to look into a different 

type of plastic screw-capped tube for the bead beating process that can withstand such differences in 

temperature.  

Final conclusion 

This thesis describes the first steps that were taken towards the production of a bioink for EBR. First, 

a microwell system was established in collaboration with the Inge Zuhorn group in Groningen for the 

generation of micro pellets. In continuation, the initial stages of micro pellet culture were explored, 

and the process of optimization started. In the future, micro pellet culture could be investigated as a 

possible addition or substitution of standard macro pellet culture. In addition, the chondrogenic 

differentiation of micro pellets could be studied in depth, and the markers and tests for these 

experiments could be standardized across research groups. Lastly, as a proof of concept, it was 

demonstrated that a bioink, composed of GelMA and crushed pellet powder, could be formulated and 

used to 3D bioprint a complex construct – an incus bone. 
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Appendix 

 

Appendix 1. Microscopic overview of the DLP printed cone shaped microwell stamps. The microscopic images include a 
scalebar measuring 2 mm. 
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Appendix 2. Microscopic overview of the DLP printed U-well shaped microwell stamps. The microscopic images include a 
scalebar measuring 2 mm. 
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Appendix 3. Micro pellets of donor C in the microwells during culture on four different timepoints. G1 is group 1 containing 
1500 cells per pellet and G6 is group 6 containing 36000 cells per pellet. The images were taken on a Leica DMi1 microscope 
and white balanced. No scale bar was available.  
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Appendix 4. Micro pellets and the control from donor A, B, and D in a droplet of 4% formaldehyde. The diameter of the micro 
pellets was measured in these images. G1-G7 represent the different groups with varying cell densities per pellet: G1 (1500 
cells per pellet), G2 (3000 cells per pellet), G3 (6000 cells per pellet), G4 (12000 cells per pellet), G5 (24000 cells per pellet), 
G6 (36000 cells per pellet), and G7 (50,000 cells per pellet). G8 corresponds to the control group (250,000 cells per pellet. 
Donor A and B were imaged with the Olympus IX53 microscope and donor D was imaged with the Olympus SZ61 
stereomicroscope. The microscopic images include a scalebar measuring either 200 µm or 500 µm for donor A (depending on 
the group), 200 µm for donor B, and 2 mm for donor D.  
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Appendix 5. Volumetrically printed 'lemon' test shape. A triplicate was printed with a light dose of 250 mJ/cm2. The 
microscopic images include a scalebar measuring 2 mm. 

 

 


