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2. Introductory summary 

2.1 Introduction 

The doctoral research project titled “Establishment of an in vitro Fluid Flow Shear Stress Model 

to Investigate the Impact of Mechanical Stress on Human Periodontal Ligament Cells” was done 

at the Department of Orthodontics and Dentofacial Orthopedics, University Hospital, Ludwig-Max-

imilians-Universität München, under the supervision of PD Dr. rer. nat. Uwe Baumert, Prof. Dr. 

Dr. Matthias Folwaczny, and Prof. Dr. med. dent. Andrea Wichelhaus. Within this project, two 

studies were conducted and subsequently published to meet the criteria for PhD completion. 

Orthodontic treatment has long been utilized to address dentofacial misalignment. The principles 

of orthodontic tooth movement are straightforward. However, the intricate cellular mechanotrans-

duction pathways governing such movement remain not well understood. Different mechanical 

stresses are exerted on the teeth throughout orthodontic treatment independent of the orthodontic 

appliances employed. Factors such as force level and duration significantly influence orthodontic 

interventions' speed, stability, and outcome (Krishnan and Davidovitch 2006). 

Mechanical cues encountered during orthodontic tooth movement (OTM) stimulate various cells 

within the periodontium, including those in the bone, periodontal ligament, cementum, blood ca-

pillaries, and nerve tissues (Nile et al. 2023). These stimuli generate biological signals essential 

for tissue remodelling and, ultimately, for facilitating tooth movement. Compression and tension 

emerge as the primary stimulating mechanical cues affecting the periodontium during orthodontic 

treatment (Janjic et al. 2018; Sun et al. 2021). These stresses may directly impact the cells or 

secondary contribute to the generation of FSS, a stress induced by the shifting (movement) of 

interstitial fluid of the periodontal ligament or bone (Krishnan and Davidovitch 2006). 

Interstitial fluid constitutes a significant portion of body mass, typically present within the extracel-

lular matrix, and is exchanged between blood capillaries and lymphatics by the osmotic and hy-

drostatic pressure differences. The generation of interstitial fluid movement requires a force influ-

encing the geometry of a porous tissue, causing an alternation in pressure within it (Ashrafi et al. 

2020). Therefore, alterations of flow, including shear stress, are perceptible to the surrounding 

cells. The mechanosensing capability of cells through mechanoreceptors, cytoskeleton, extracel-

lular matrix, and signal transduction pathways can detect fluid-flow movement/shear stress, trig-

gering genes and protein/metabolites signals to facilitate tooth movement (Krishnan and Davidov-

itch 2009). 

Fluid flow movement can vary from tissue to tissue (e.g., bone vs vascular system), health and 

disease, and the nature of force (e.g., cyclic movement vs sudden movement) driving it. For in-

stance, fluid flow within the bone can be steady laminar by sudden movements (e.g. changing 

position from sitting to standing) (Piekarski and Munro 1977), oscillatory laminar by cyclic move-

ments (Lu et al. 2012; Wang et al. 2024) (e.g., mastication or walking), or pulsatile laminar by 

heart pumping effect (e.g., arteries) (Hwang et al. 2003). 

Different experimental models have been introduced to mimic the fluid microenvironment based 

on the fluid profile and estimated shear stress in these tissues (e.g. custom-made parallel flow 

chambers, orbital shakers, rocking plate, and cone and plate). There has been growing evidence 

investigating the effect of FSS on bone remodelling, but little is known about the FSS microenvi-

ronment in periodontal ligaments during OTM. Due to the limited experimental research in this 

field, (1) we aimed in this project to include and analyse all 2D in vitro studies that determined the 
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influence of FSS on mesenchymal stem, bone, and periodontal ligament cells of human and 

mouse origin using a predefined search strategy. We extracted all information about the experi-

mental setups, experimental methods for evaluating FSS-related cell response, and gene/ me-

tabolite regulation. An extensive quantitative/qualitative summary and analysis of the commonly 

used fluid flow profiles, apparatuses, durations and magnitudes of applied FSS, and the com-

monly upregulated genes and metabolites was performed. The relationship between the nature 

of investigated tissue, pore size, and movement (displacement) in relation to fluid flow profile and 

the encountered FSS magnitude were analysed and discussed. The extracted information was 

also used for performing protein-protein (PPI) network construction and enrichment analysis, to 

get an overview of the protein-to-protein interaction and the important biological process and sig-

nalling pathways involved in FSS-related periodontal ligament (PDL) or bone interaction.  

(2) In the project’s second phase, we established an in vitro FSS setup after analysing/reviewing 

all the designs extracted from the first part of the project. We considered the simplicity of the 

design, biocompatibility of the material, and multiple and ease of usage. Computer-aided design, 

additive, and subtractive manufacturing were used in the chamber fabrication process using 

PDMS. The setup was extensively evaluated in silico and the chamber's performance was tested 

to confirm flow rate, flowing medium temperature, and cell attachment and viability. Fluid shear 

stress was applied to hPDLCs, focusing on gene expression related to mechanosensing, tissue 

formation, and inflammation. 
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2.2 Short summary of the publications 

2.2.1 Paper I. Fluid flow shear stress and tissue remodeling—an ortho-

dontic perspective: evidence synthesis and differential gene ex-

pression network analysis 

Graphical abstract paper 1 (G.A. 1) 

 

As introduced in the previous section, FSS is caused by the shifting (movement) of interstitial 

fluid inside the PDL during OTM owing to a shift in pore pressure (G.A. 1A.). Due to the limited 

number of studies (=7) that investigated the influence of FSS on hPDLCs during OTM, our ob-

jective was to include all published studies examining the impact of FSS on periodontal ligament 

(hPDLCs) and bone cells of human or mouse origin in vitro. 

In this study, we summarized the force specifications and regulations of the genes/metabolites 

and identified the biological processes and pathways potentially influenced by FSS. A total of 

6,974 publications were identified using a predefined search formula (Nile et al. 2023). After 

screening the titles, abstracts, and full texts of relevant literature, 120 studies were considered for 

risk of bias evaluation and data extraction, G.A. 1B. The data extraction covered the mechanical 

characteristics of the different FSS setups, and the genes/proteins/metabolites reported (Nile et 

al. 2023). Using the extracted data of the investigated genes, a network analysis was performed. 

Overrepresentation gene analysis and set enrichment analysis were performed using preselected 

High-throughput gene expression studies. 

2.2.1.1 Type of fluid flow characteristics and apparatuses for shear stress ap-

plication 

Fluid flow can be delivered on cells in different forms including steady, pulsatile, and oscillatory 

laminar. In our systematic review, we found that different cell groups had different investigated 

fluid flow profiles, based on their research objective. As shown in G.A. 1C, oscillatory laminar was 
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most frequently applied in hMSC (10/21; 47.6%) and mOcyt (21/58; 32.6%) cell groups; steady 

laminar in hPDLC (5/7; 71.4%) and mOst (9/22; 40.9%) cell groups; pulsatile laminar in hOcyt 

(100%), hOst (10/14; 71.4%) and mOst (9/22; 40.9%) cell groups (Nile et al. 2023). 

Different fluid flow chambers were implemented in each experiment (Nile et al. 2023), G.A. 1D. 

Custom-made fluid flow chambers were most frequently utilized (76/123; 61.7%). The most used 

commercial fluid flow chambers were from Flexcell Inc. (12/123; 9.7%) and ibidi (6/123; 4.8%) 

and can deliver different fluid flow profiles. The Focht Chamber System 2, the Bioflux system, and 

the PeCon parallel plate system are commercial fluid flow chambers used for live imaging, each 

was identified once. Rocking culture systems (4/123; 3.2%) and rotational orbital shakers (3/123; 

2.4%) were utilized to generate a culturing environment of oscillatory fluid flow.  

2.2.1.2 Magnitudes, durations, and frequencies of FSS 

FSS magnitude and durations showed great variation between cell groups independent of their 

origin (human or mouse) and fluid flow profile (Nile et al. 2023). These were summarised for 

human cells in G.A. 1E. 

Frequency: the most frequently utilized fluid flow frequency was 1 Hz in the hMSCs cell group 

and 5 Hz in the hOst, hOcyt, and hPDLCs cell groups (Nile et al. 2023). In the mOst cell group, a 

frequency of 5 Hz was used twice as often as 1 Hz, while in the mOcyt cell group, both frequencies 

were used equally (Nile et al. 2023). 

Selection of force parameters: this study considered analysing different cell groups represent-

ing the cells found within the periodontium. While not all studies had the same objective and due 

to the limitation of the number of studies investigating the effect of FSS during OTM, we found 

that these studies were directed to the general overview of FSS created by forces during speech, 

tooth movement, or mastication rather than justifying the FSS magnitude, duration and flow profile 

used during the experiment (Maeda et al. 2007; Tang et al. 2014; van der Pauw et al. 2000; Zheng 

et al. 2016; Zheng et al. 2019). For instance, the fluid flow profile created by cyclic movement 

differs from that of instant movement, see below.  

In our study, we gathered and summarized all the relevant experimental and biological details. 

We then correlated this information with finite element analysis studies, such as those determining 

the FSS in ligaments and tendons (Chen et al. 1998) and those explaining the direction of flow 

during OTM (Ashrafi et al. 2020). While fluid flow in bone cells/tissue was extensively investigated 

compared to PDL, we found that cyclic movements such as walking and mastication/chewing 

consist of cyclic loading and unloading that may result in a different fluid flow profile (physiological: 

oscillatory fluid flow) compared to postural change (e.g. changing posture from sitting to standing) 

or therapeutic force application (e.g. OTM) that causes a unidirectional fluid flow (steady fluid 

flow) (Ashrafi et al. 2020; Jacobs et al. 1998; Lu et al. 2012; Ortún-Terrazas et al. 2020; Ponik et 

al. 2007). Therefore, the fluid flow profile during speech or mastication/chewing may not resemble 

the fluid flow profile during OTM. Also, the cellular response may differ when cells are exposed 

to different flow profile (Jacobs et al. 1998). 

2.2.1.3 Genes, proteins, and metabolites investigated 

Based on the collected data from each study, we found that despite the cell type FSS activated 

genes and metabolites responsible for tissue formation and inflammation and downregulated 

genes accountable for tissue degradation (Nile et al. 2023). Regulatory biological changes trig-

gered by FSS application were identified and measured, followed by a summary of gene/pro-
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tein/metabolites expression patterns. At least three studies that reported common genes/pro-

teins/metabolites independent of the analysed cell types were included in the analysis. Twenty-

two genes, proteins, and metabolites were part of the analysis. The colour represents the ratio of 

gene/proteins/metabolite upregulation in each cell group, summarized in G.A. 1F (Nile et al. 

2023). 

  

2.2.1.4 Network analysis 

Differentially expressed genes induced by FSS in different species were curated from identified 

studies, excluding high-throughput expression data. RT-qPCR-derived gene expression data 

were included, focusing on clear FSS-dependent expression patterns. Protein expression data 

were omitted due to methodological heterogeneity. Adjusting the STRING-DB cut-off score facil-

itated the integration of additional genes into the networks, primarily supported by text-mining 

results. Lowering the cut-off score affected network statistics, potentially influencing cluster and 

hub gene identification. Clustering algorithms revealed variations in network structure based on 

the chosen cut-off score, impacting downstream enrichment analysis.  

Overrepresentation analysis was utilized to uncover biological processes and signalling pathways 

influenced by FSS in both human and mouse DEG lists. In humans, enriched terms cantered on 

cytoskeleton/extracellular matrix reorganization and ossification, alongside pathways like 

ERK1/ERK2 and Toll-like receptor signalling. Community detection identified clusters focusing on 

ossification, smooth muscle cell proliferation, and inflammation. The 11 genes identified as hubs 

were primarily associated with clusters #1 (IGF1, RUNX2) and #2 (IL1B, IL6, JUN, MMP1, MMP2, 

TGFB1, TIMP1, VEGFA) (Nile et al. 2023). FGF2 was the sole hub gene in cluster #3, while 

cluster #4 had no hub genes. 

Mouse DEG analysis revealed enrichment in organ/tissue development, ossification, and WNT-

related signalling, with clusters emphasizing WNT and BMP signalling, cell proliferation/migration, 

and bone remodelling. Identified hub genes were predominantly associated with these clusters, 

providing insights into the regulatory mechanisms underlying FSS response. The 12 genes iden-

tified as hubs were largely associated with clusters #1 (DKK1, LRP5, SFRP1, WNT1, WNT3A, 

WNT4, WNT5A) and #2 (ACTB, IL6, JUN, TNF), with a single hub gene located in cluster #3 

(CTNNB1) (Nile et al. 2023). 

 

Gene set enrichment analysis: five high-throughput gene expression studies in humans and 

mice were found, focusing on FSS impact on hMSCs and MLO-Y4 cells. Enriched pathways in 

hMSCs included inflammation, TNF-, MAPK-, and Toll-like receptor signalling, alongside meta-

bolic pathways and cytosolic DNA sensing. In MLO-Y4 cells, enriched pathways encompassed 

ribosomal RNA processing, inflammatory response, chemotaxis, and signalling pathways involv-

ing NF-KappaB, TNF, IL17, and cytokine receptor interaction, identified across multiple studies. 
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2.2.2 Paper II. Development of a Custom Fluid Flow Chamber for Investi-

gating the Effects of Shear Stress on Periodontal Ligament Cells 

Graphical abstract paper 2 (G.A. 2) 

 

 

During OTM, applied forces create compression and tension regions in the PDL, leading to inter-

stitial fluid displacement. FSS is a natural consequence of these forces, though it has been less 

studied than static or cyclic compression/tension alone. In the first part of this thesis (Nile et al. 

2023), we highlighted the limited research on FSS-related topics in dentistry, with only 7 identified 

studies exploring this topic. 

Correlating the magnitude of FSS in vitro to in vivo conditions during OTM is challenging because 

of the complex tissue architecture. Due to the need for more research to fill the gap we found in 

the literature and to clarify the biological relevancy of FSS to OTM, we constructed an in vitro 

setup to uncover the effect of FSS on hPDLCs. The experimental setup described below focused 

on the biological response of hPDLCs to FSS in strictly controlled simplified in vitro conditions. 

Unidirectional laminar flow was chosen to mimic the unilateral forces proposed in OTM. The use 

of a flow chamber and the applied FSS levels (1-6 dyn/cm2) were selected based on previous 

research and summarized in the first part of this project. In addition, studies have shown that FSS 

levels of 1-6 dyn/cm2 promote PDL cell proliferation, while higher levels (9 dyn/cm2) inhibit it (Shi 

et al. 2022), aligning with FEM analysis estimates of 12.1 dyn/cm2 in the collagen fibrils’ narrowest 

zones in ligaments (Chen et al. 1998). 

 

2.2.2.1 Construction and assessment of the apparatus 

Different FSS apparatuses were used in literature, each with inherited advantages and limitations 

as discussed by the first publication. In the second part, the goal was to design and build a parallel 

plate system that could deliver uniform FSS to cells. We focused on ease of use, cost-effective 

construction, and the ability to handle a large cell density for downstream analysis. A 3D-designed 
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apparatus was developed taking into consideration the possibility of assembly and disassembly, 

G.A. 2A. The parallel flow chamber consists of different components: a chamber made of PDMS, 

threaded nozzles, closing lid, closing frames, and clamps. The fluid flow system consists of addi-

tional components including but not limited to a water heating bath, media reservoir, peristaltic 

pump, pulse damper, and bubble tap. All components are connected through silicon tubing.  

The chamber was validated in silico to confirm the distribution of FSS, determine areas of turbu-

lence, and locate a stress-constant cell seeding area. The fluid flow rate and temperature of the 

running media inside the chamber were calibrated during the pre-experimental testing. In addition, 

the possibility of leakage, assembly and disassembly, and sterilization/disinfection of the parts 

were evaluated in the pre-experiments. Custom-made cell seeding gaskets were constructed to 

seed cells in a shear-constant area of the microscopic slide.  

For the in vitro experiment, the cells were seeded on the microscopic slides after coating them 

with collagen using custom-made cell culturing gasket wells. After incubating the cells overnight, 

the slides were inserted inside the chamber, which was then closed and secured by clamps. The 

cells were then subjected to FSS for 1h 6 dyn/cm2, G.A. 2A. The chamber was tested in vitro 

using SaOS-2 and hPDLCs to confirm the cell attachment and viability under the selected stress 

level. Overall, the cells showed minimal de-attachment, and the viability remained unaffected with 

only a limited number of dying cells. 

2.2.2.2 Study design 

To explore the impact of FSS on gene and protein expression in hPDLCs, several genes and 

metabolites were selected for analysis including those involved in tissue formation, mechano-

sensing, and inflammation. These genes and metabolites were commonly investigated and are 

involved in bone and periodontal ligament remodelling (Nile et al. 2023). 

hPDLCs cells from two donors (cells were harvested before or after clinical OTM, male and fe-

male, respectively) were selected for the experiments, G.A. 2B. The cells were exposed to a 

laminar fluid flow of 6 dyn/m2 FSS for 1 hour (Nile et al. 2024). Cell lysates were collected to 

determine gene (using RNA lysis buffer) and intracellular protein expression (using ice-cold RIPA 

buffer). Following the MIQE guidelines (Bustin et al. 2009; Bustin et al. 2010), which recommends 

assessing the stability of reference genes for each specific study, and using more than one refer-

ence gene, multiple reference genes were selected. Consequently, RNA cell lysates were used 

to evaluate the stability of several reference genes, using the RefFinder program (Xie et al. 2012). 

Based on this evaluation, RPL0 and RPL22 were identified as the two most stable reference 

genes and selected for further target gene analysis (Nile et al. 2024). RT-qPCR was used to 

examine the expression of target genes, concentrating on tissue formation (VEGFA, RUNX2, 

SP7, TNFRSF11B/OPG), mechanosensing (FOS), and inflammation (CXCL8/IL8, IL6, and 

PTGS2/COX2) (Nile et al. 2024). Cell lysates extracted using RPA buffer were analysed by West-

ern blot using primary antibodies targeting COX2, RUNX2, and GAPDH. HeLa and baculovirus-

insect cell lysates were used as a positive control for GAPDH and RUNX2/COX2 respectively 

(Nile et al. 2024).  

2.2.2.3 Results 

The effect of FSS on mechanosensing of hPDLCs: after one hour of application of 6 dyn/cm2 

FSS on cells, the expression of FOS, a gene related to mechanosensation, significantly increased 

compared to the control in both donors (Nile et al. 2024), G.A. 2D. However, donor 2 (cells ob-

tained prior OTM) showed a two-fold change compared to donor 1 (cells obtained after OTM), 
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with only a one-fold change (Nile et al. 2024). Previous studies highlighted the importance of FOS 

in osteoblasts’ cell cycle control and differentiation as well as regulating the bone’s adaptive re-

sponse to mechanical stimuli through PTGS2/COX2 (Grigoriadis et al. 1993; Wagner and Eferl 

2005). Therefore, our data repropose FSS as a potential mechano-stimulatory stress acting on 

cells during OTM in addition to compression and stretching. 

The effect of FSS on osteogenesis of hPDLCs: for genes involved in bone formation, RUNX2 

showed significant upregulation in donor 2 compared to its corresponding control after the appli-

cation 1h 6 dyn/cm2 FSS (Nile et al. 2024), G.A. 2D. Although donor 1 showed upregulation of 

RUNX2, this was not statically insignificant. In contrast to our RT-qPCR data for RUNX2 in both 

donors, our Western blot result showed no expression of RUNX2 proteins, G.A. 2C (Nile et al. 

2024). Similarly, VEGFA showed significant upregulation in donor 2 in relation to its control com-

pared to donor 1 after 1h 6 dyn/cm2 FSS (Nile et al. 2024). No regulation of SP7 and 

TNFRSF11B/OPG in response to FSS was observed in either donor (Nile et al. 2024). Although 

we did not observe any regulation of SP7 and TNFRSF11B/OPG immediately after 1 hour of FSS, 

previous research has reported significant upregulation of SP7 after at least 6 hours of post-FSS 

incubation (Tang et al. 2014) and TNFRSF11B after 72 hours of FSS (Aisha et al. 2015; van der 

Meijden et al. 2016). 

Effect of FSS on inflammation of hPDLCs: Applying 6 dyn/cm2 on cells for one hour led to the 

upregulation of pro-inflammatory genes (PTGS2/COX2, CXCL8/IL8, IL6) in both cells (Nile et al. 

2024), G.A. 2D. Overall, the expression of these genes was greater in donor 2 compared to donor 

1. FSS resulted in significant upregulation of PTGS2/COX2 and IL6 in donor 2, while it was sig-

nificant for CXCL8/IL8 and PTGS2/COX2 in donor 1 (Nile et al. 2024). Similarly, the western blot 

data showed overexpression of PTGS2/COX2 proteins in FSS-treated cells compared to its con-

trols with a greater difference observed between FSS-treated cells of donor 2 compared to those 

from donor 1, G.A. 2C (Nile et al. 2024). 

2.2.2.4 Strengths and limitations:  

The fluid flow chamber offers several advantages, including biocompatibility, durability, adapta-

bility to diverse research questions, decomposability for sample retrieval, sufficient sample size 

for subsequent analysis, and cost-effectiveness. However, limitations include the usage of high 

media volume, the need for disinfection for reuse, and performing experiments outside the incu-

bator. Also, the chamber is incompatible with live microscopy, thus limiting real-time cellular anal-

ysis and turbulence assessment. Lastly, additional genes should be included to capture the 

broader biological responses to FSS fully, and more cells from different donors are needed to 

address biological variability. 

2.2.3 Conclusions 

In conclusion, the need for constructing a custom-made apparatus was determined by the first 

part of the PhD project including the selection of the most appropriate fluid flow character, shear 

stress magnitude, and duration. Nevertheless, we gained an understanding of how FSS influ-

ences the expression of different cells, including human and mouse periodontal ligament and 

bone cells.  In the second phase of the PhD project, a fluid flow apparatus was designed and 

constructed taking into consideration the ease of handling, reusability, and sample collection for 

further analysis. The chamber was constructed from PDMS using negative moulding technique. 

The chamber was then extensively pre-tested to evaluate the fluid flow rate, temperature of media 

inside the chamber, and the possibility of leakage. Then, it was evaluated with cells to confirm 
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cell attachment and viability. The most appropriate reference gene was determined for the exper-

iment by testing and assessing several reference genes. Moreover, the influence of 6 dyn/cm2 

FSS for 1 h on genes related to mechanosensing, tissue formation, and inflammation was deter-

mined in hPDLCs of two donors. The findings of the in vitro experiment support the conclusion 

that we determined by the first part of the PhD project. This project highlights the important role 

of FSS as a cellular modulatory factor together with compression and tension during OTM. 
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Summary 

In the first part of this project, we represented an extensive extraction and analysis of mechanical 

stress and biology data. It summarized the most frequently used apparatus, magnitudes, dura-

tions, and the character of fluid flow, and then compared and discussed these findings in the 

context of functional and biological situations. The study investigated the regulation of genes, 

proteins, and metabolites, followed by network analysis and gene set enrichment analysis, provid-

ing deeper insights into the biological mechanisms underlying FSS. Several research gaps were 

identified, including the lack of experimental data regarding the level of FSS in periodontal liga-

ment during OTM, the misconception between fluid flow profile during daily activities (e.g., mas-

tication/chewing) and therapeutic means (e.g., OTM), and the limited research that concentrated 

on FSS in relation to OTM.  

In the second part of this PhD project, a fluid flow apparatus was designed and constructed taking 

into consideration the ease of handling, reusability, and sample collection for further analysis. The 

chamber was constructed from PDMS through a negative moulding process. The chamber was 

then extensively pre-tested to evaluate the fluid flow rate, media temperature inside the chamber, 

and the possibility of leakage. Then, it was assessed with cells to confirm cell attachment and 

viability. The most appropriate reference gene was determined for the experiment by testing and 

assessing a panel of reference genes. Exposure to 6 dyn/cm2 FSS for 1 h increased the expres-

sion of genes responsible for mechanosensing, tissue formation, and inflammation in the hPDLCs 

of two donors. The findings of the in vitro experiment support the conclusion that we determined 

by the first part of the PhD project. These findings as well as the differences among donors pro-

vide valuable insights for further experiments. It also highlights the role of FSS as a cellular mod-

ulatory factor together with compression and tension in OTM. 
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