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Optimization of loading protocols
for tissue engineering experiments
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Martin J. Stoddart>**

Tissue engineering (TE) combines cells and biomaterials to treat orthopedic pathologies. Maturation
of de novo tissue is highly dependent on local mechanical environments. Mechanical stimulation
influences stem cell differentiation, however, the role of various mechanical loads remains unclear.
While bioreactors simplify the complexity of the human body, the potential combination of
mechanical loads that can be applied make it difficult to assess how different factors interact. Human
bone marrow-derived mesenchymal stromal cells were seeded within a fibrin-polyurethane scaffold
and exposed to joint-mimicking motion. We applied a full factorial design of experiment to investigate
the effect that the interaction between different mechanical loading parameters has on biological
markers. Additionally, we employed planned contrasts to analyze differences between loading
protocols and a linear mixed model with donor as random effect. Our approach enables screening of
multiple mechanical loading combinations and identification of significant interactions that could not
have been studied using classical mechanobiology studies. This is useful to screen the effect of various
loading protocols and could also be used for TE experiments with small sample sizes and further
combinatorial medication studies.

Abbreviations

aMEM  Minimum essential medium alpha
ANOVA  Analysis of variance

BMP2 Bone morphogenetic protein 2

CpM Chondropermissive medium

DMEM  Dulbecco’s modified Eagle medium
DMMB  1,9-Dimethylmethylene blue

DNA Deoxyribonucleic acid

DOE Design of experiment

ELISA Enzyme linked immunosorbent assay
FGF-b Fibroblast growth factor basic protein
sGAG(s) Sulphated glycosaminoglycan(s)

IDE Integrated development environment
iNOS Inducible nitric oxide synthase
MSCs Mesenchymal stem/stromal cells

NO Nitric oxide

OFAT One Factor at a Time

pK Proteinase K

PU Poly(ester-urethane)

SEM Standard error of the mean

TE Tissue engineering

TGF-B1  Transforming growth factor p1

Tissue engineering (TE) aims to find optimal solutions to improve patient outcomes by combining specific cel-
lular and material-based approaches selected from a vast variety of options. TE applied to the musculoskeletal
field has placed much hope on mesenchymal stromal/stem cells (MSCs) due to their multilineage potential and
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secretory profile. Under specific stimuli, MSCs can differentiate into chondrocytes and osteoblasts, therefore
representing a valuable tool for cell-based therapies targeting orthopedic pathologies, such as cartilage and bone
injuries. Articular cartilage defects present a higher risk of post-traumatic osteoarthritis and thereby increase
health-care cost and burden. Similarly, bone defects can result in delayed or non-union in up 20% of the cases
despite continuous advancement in the field of bone repair'. Biomaterials provide support for cell adhesion,
proliferation and differentiation and could thereby enhance the body’s reparative response when implanted.
Notably, the mechanical stimulation experienced by the MSCs is a key determinant of their differentiation*™.
Therefore, not only should the biomaterials provide mechanical support but also transmit the natural mechani-
cal forces within the body to the cells. While a plethora of different MSCs-based strategies in combination with
a multitude of biomaterials and have been developed, their clinical translation is still very limited. Despite an
enormous body of scientific literature featuring a wide array of cellular, biomaterial, and mechanical stimulation
strategies, it is still unclear how mechanical stimulation applied to MSCs affects their differentiation.

One example of a cartilage treatment method is microfracture, a bone marrow-stimulating technique that was
developed by Steadman in the 1980s°. During this arthroscopic technique, the loose cartilage within the injury is
removed and small perforations into the subchondral bone are created to allow for the migration of bone marrow
elements, including MSCs, into the defect. In this newly formed environment, the MSCs can be directed towards
chondrogenesis and replace the lost cartilage. Yet, the new tissue predominantly resembles fibrocartilage instead
of hyaline cartilage, leading to a loss in functionality®’. Steadman accentuates the importance of an appropriate
rehabilitation protocol after surgery and believes that an ideal physical environment is necessary to differentiate
the MSCs within the recruited bone marrow towards chondrogenesis®. However, it is still unclear what exact
mechanical stimulation the MSCs need to experience to form hyaline cartilage.

Prior studies have shed light on how exogeneous administration of growth factors can induce chondrogenesis
in MSCs in vitro®'°. Work from our group has shown that mechanical stimulation alone is sufficient to induce
in vitro chondrogenesis, potentially obviating the need for exogenous growth factors'!. Use of a joint-mimicking
multiaxial loading bioreactor results in the activation of latent transforming growth factor p1 (TGF-p1) secreted
by MSCs seeded within a porous scaffold. TGF- is a growth factor that is cardinal in driving chondrogenesis’.
Experiments using a hyaluronan-based hydrogel have suggested that TGF-f activation might be material depend-
ent, with lower amounts being detected in the softer hydrogel compared to a stiffer porous scaffold'. Another
chondrogenic inducer in the TGF-f superfamily is bone morphogenetic protein 2 (BMP2). It has been previously
shown that tensile strain can upregulate BMP2 gene expression, however, its mechanical regulation remains
unclear. It is of note that BMP2 is also a potent osteogenic inducer and is therefore also interesting for bone
healing'*'*. Mechanical stimulation is also associated with an increase in nitric oxide (NO), a possible marker
for cellular stress'®~'.

Bioreactor-based experiments offer a unique opportunity to study applied load under standardized condi-
tions. However, the experiments are both material and time consuming, and testing a multitude of different
biomaterials and loading factors (parameters), such as magnitudes and frequencies, proves difficult within a single
experiment?. Experimentation strategies such as Best Guess and One Factor at a Time (OFAT) are inadequate in
finding optimal factor combinations that utilize the optimal levels (settings). Best Guess approaches are heavily
reliant on prior knowledge, can continue for a long time and tempt the experimenter to stop testing once they
obtain an acceptable result that not necessarily represents the best solution. OFAT methods start from baseline
levels for each factor and alter only one factor while keeping the remaining factors constant. This approach cannot
capture possible interactions between factors, meaning the experimenter would not know whether one factor
leads to a different response depending on different levels of another factor'. We therefore hypothesized that a
factorial approach used in a branch of applied statistics called design of experiments (DOE) could be utilized.
A full factorial experiment allows several factors to be simultaneously compared at multiple levels, to evaluate
main and interaction effects. The main effects describe the individual effects of each factor independent of the
other factors, whereas the interaction effects depend on the effect of the combination of multiple factors. Fur-
thermore, factorial experiments make full use of their design in a way that each experimental run contributes to
the calculation of the main and interaction effects. Combined with contrast analysis, a statistical method where
sets of means (in contrasts) are compared to one another according to preplanned hypotheses, this is a powerful
tool for studying multiple groups in parallel. Contrasts act like spotlights that illuminate distinct features of the
data as opposed to analysis of variances (ANOVA) that acts like a background lighting, which do not provide
enough light to observe the details®.

As a first step, we focused on the direct role of mechanical stimulation. The present work aims to elaborate
whether a methodological approach combining a full factorial DOE and contrasts can be used to screen differ-
ent mechanical parameters and their complex interactions on MSC differentiation within a biomaterial in an
efficient and concise manner. Various combinations of shear and compression were applied. In addition, two
different loading counterfaces, a ball or a cylinder, were compared.

This whole methodological framework could be used in regenerative medicine and tissue engineering to
efficiently investigate the relative role of multiple factors such as age, inflammation, or optimal mechanical load-
ing in biomaterials, by testing as many different conditions as possible, while keeping replication to a minimum.
And by reducing replication, the sample size remains lower, and therefore the number of cells needed in the high
cell density constructs needed for cartilage tissue engineering.

Materials and methods

Cell isolation, cell culture and scaffold seeding. Human MSCs were isolated with and according to
full ethical approval (Ethik-Kommission der Albert-Ludwigs-Universitit Freiburg, EK-326/08) and written
informed donor consent from bone marrow aspirates of three donors (two males aged 30 and 33; one female
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Figure 1. Multiaxial bioreactor and counterfaces. (A) Image of a loading station within the custom bioreactor.
Arrows indicate rotational and vertical movement of the counterface. (B) Image of the two counterface types.
Left: cylinder; right: ball.

aged 57) using Ficoll (Histopaque-1077, Sigma-Aldrich) density gradient and plastic adhesion®!. All experi-
ments were performed in accordance with relevant regulations. The MSCs were expanded in Minimum Essential
Medium alpha (aMEM, Gibco) supplemented with 10% (v/v) fetal bovine serum (Sera Plus, Pan Biotech), 1%
(v/v) Penicillin-Streptomycin (P/S, 100 U/mL penicillin and 100 ug/mL streptomycin, Gibco) and 5 ng/mL
recombinant human fibroblast growth factor basic protein (FGF-b, Fitzgerald Industries International) until
passage 4. Thereafter, 4.5 x 10° cells were seeded into a cylindrical fibrin-poly(ester-urethane) (fibrin-PU) scaf-
fold (average pore size between 150 and 300 um) with a thickness of 4 mm and a diameter of 8 mm according to
previous protocols?>?. Briefly, the cells were resuspended in 33.3 mg/mL fibrinogen (Baxter, Austria) and added
to the sterile lid of a 1.5-mL Eppendorf tube. An equal volume of a 1 U/mL thrombin solution was then mixed
with the fibrinogen-cell solution and the porous scaffold was pressed into the lid. Repeated compression of the
scaffold using tweezers allowed for the influx of the cell suspension into the pores. Afterwards, the scaffolds were
transferred to an incubator (37 °C) for 40 min. Another 0.5x 10° cells were suspended in Dulbecco’s modified
Eagle medium 4.5 g/L glucose (DMEM, Gibco) and seeded on top of the scaffolds with subsequent incubation
for 1 h, as originally described by Gardner et al.”. The scaffold samples were cultured in chondropermissive
medium (CpM) consisting of Dulbecco’s modified Eagle medium 4.5 g/L glucose (DMEM, Gibco), 0.11 g/L
sodium pyruvate (Sigma-Aldrich), 50 ug/mL L-ascorbic acid 2-phosphate sesquimagnesium salt hydrate (Sigma-
Aldrich), 100 nM dexamethasone (Sigma-Aldrich), Corning ITS + Premix (6.25 pg/mL human recombinant
insulin, 6.25 pg/mL human natural transferrin, 6.25 ng/mL selenious acid, 1.25 mg/mL bovine serum albumin,
5.35 pg/mL linoleic acid, ThermoFisher), 1% non-essential amino acids (Gibco), 1% (v/v) P/S and 5 uM 6-ami-
nocaproic acid (Sigma-Aldrich). The culture conditions were kept constant at 37 °C, 5% CO, and 95% rH.

Mechanical loading. Scaffolds were loaded according to different loading protocols in a previously
described multi-axial load bioreactor system (Fig. 1A)**. All the samples were loaded 1 h per day for 10 days
over a culture period of 12 days. Different combinations of three factors, namely type of counterface, shear fre-
quency and compressive strain were used to investigate how the factors’ interaction influence biomarker secre-
tion. Two types of counterfaces were used to apply the mechanical load: a cylinder and a ball (Fig. 1B). While
the ball had already been used in previous studies'»*?**>2, by contrast, a cylindrical counterface was developed
under the assumption that the larger surface of the cylinder would increase surface shear and thereby amplify
latent TGF-P1 activation. Two different settings (levels) were used each for the shear frequency (0.2 and 1 Hz)
and for the compressive strain (5% and 20%) (Table 1). The shear factor comprised a +25° oscillatory rotation of
the counterface at different frequencies. Compression comprised a cyclic vertical translational movement of the
counterface at different strains. The frequency of compression was fixed at 1 Hz and the fixed static pre-strain
amounted to 0.4 mm. To account for the influence of counterface type, center points were included for both
cylinder and ball counterface. The setting at 0.6 Hz shear frequency and 10% compressive strain represented the
center point that demonstrates whether the relationship between factors is linear and to ensure process stabil-
ity. In summary, the three factors (counterface type, shear frequency and compressive strain) at each of their
two different levels (ball vs. cylinder, 0.2 vs. 1 Hz, 5% vs. 20%) resulted in a 2° (levels®™) full factorial design
with a center point at 0.6 Hz shear frequency and 10% compressive strain. To differentiate between the loading
protocols, we established a naming convention for the loading protocols that can be found in Table 1. Briefly, the
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Loading protocol | Shear frequency (Hz) | Compressive strain (%)
s-0_2-c-5 0.2 5
s-0_2-¢c-20 0.2 20
s-0_6-c-10 0.6 10
s-1-¢c-5 1 5
s-1-¢-20 1 20

Table 1. Naming convention for the different loading protocols. s shear frequency, ¢ compressive strain.

Counterface type | Contrastl ,yuerface
Ball 0
Cylinder 1

Table 2. Contrast and the respective weights for the counterface type.

number following the "s-" in the name of the loading protocol indicates the shear frequency setting. The number
following the "c-" indicates the compressive strain setting.

Supplementary Fig. 1 shows graphs of the different loading curves that were used in this study. Control scaf-
folds were kept in unloaded conditions.

Sample and conditioned medium collection. Conditioned medium was collected and replaced every
second day and then stored at —20 °C for later biochemical analysis. In total, for each scaffold, there were 6 sam-
ples of collected conditioned medium (day 0 sample included). Scaffold samples were digested in 1 mL 0.5 mg/
mL proteinase K (pK, Roche) at 56 °C for 16 h. The pK reaction was inactivated at 96 °C for 10 min and the
samples were stored at — 20 °C.

Biochemical analyses. DNA quantification. The Hoechst 33258 dye (Sigma-Aldrich) was used to quan-
tify the DNA content in pK digested scaffolds. Briefly, 40 uL of each sample, each standard (calf thymus DNA,
Sigma-Aldrich) and blank was pipetted into a white-bottom 96-well plate. 160 uL of 1 ug/mL Hoechst dye solu-
tion was added and the plate incubated in the dark for 20 min. Fluorescence was measured with excitation at
360 nm and emission at 465 nm using the Victor 3 Micro Plate Reader (Perkin Elmer).

Active and latent TGF-1 and BMP2 quantification. Latent and active TGF-p1 were measured in the condi-
tioned medium using enzyme-linked immunosorbent assay (ELISA) with the TGF-B1 DuoSet ELISA kit (R&D
Systems). The active TGF-P1 was detected by adding conditioned medium to the plates. To measure the total
produced TGF-pB1, the conditioned medium was first acidified and then neutralized to activate the latent TGF-
B1, before adding the sample to the plate. Therefore, the total produced TGF-P1 consisted of values from the
latent and already active TGF-P1 within the conditioned medium. BMP2 content was measured using an ELISA
with the BMP2 DuoSet ELISA kit (R&D Systems), according to manufacturer’s instructions. For both ELISAs, a
Victor 3 Micro Plate Reader was used to measure the absorbance at 450 nm and 560 nm. The reading at 560 nm
was subtracted from the reading at 450 nm and the concentration calculated by fitting a four-parameter logistic
curve.

SGAG quantification. 'The 1,9-dimethylmethylene blue (DMMB) assay was used to quantify the sGAG content
in the conditioned medium and pK digested samples. Chondroitin 4-sulfate sodium salt from bovine trachea
(Fluka) was used as standard, with the highest standard concentration being 1.25 pg/well. Absorbance at 530 nm
was measured using the Victor 3 Micro Plate Reader. The DMMB solution was prepared according to Farndale
etal.?.

Nitrite quantification. Nitrite was used as an indirect marker of NO and measured using the Griess Assay (Pro-
mega). The assay was performed according to manufacturer’s instructions and the absorbance was measured at
530 nm.

Statistical analysis and design of experiment (DOE). Statistical analysis was performed using R (ver-
sion 4.0.2 (2020-06-22))? within the integrated development environment (IDE) RStudio (version 1.3.959)%.
The R packages that were used can be found in the “Supplementary information™

A linear mixed model with donor as random variable was used to investigate main and interaction effects of
the two factors: (1) counterface type; and (2) loading protocol (different combinations of shear frequency and
compressive strain—summarized in Table 1) on different biological markers. Planned orthogonal contrast analy-
sis was used to test hypothesized differences between pre-selected groups. The contrast for the counterface type,
contrastl ., erfacer cOMpared the ball to the cylinder (Table 2). In this set of comparisons, the variable counterface
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Loading protocol Contrastl ... | Contrast2g... |contrast3;.. | Contrastdg.,.
s-0_2-c-5 -1 -1 -1 0
s-0_2-¢c-20 -1 2 0 0
s-0_6-c-10 -1 -1 1 0
s-1-¢c-5 1.5 0 0 -1
s-1-c-20 1.5 0 0 1

Table 3. Contrasts and their respective weights for the loading protocols—split first according to shear. s shear
frequency, c compressive strain.

Loading protocol | Contrastl .y, | Contrast2,,, | Contrast3,, | Contrastd.,,,.
s-0_2-c-5 -1 -1 -1 0
s-0_2-c-20 1.5 0 0 -1
s-0_6-¢c-10 -1 -1 1 0
s-1-¢-5 -1 2 0 0
s-1-c-20 1.5 0 0 1

Table 4. Contrasts and their respective weights for the loading protocols—split first according to compression.
s shear frequency, ¢ compressive strain.

type is coded in a way that one can test the difference between the two counterface types. Within the statistical
software R, the ball variable is assigned the weight 0, and the cylinder the weight 1 (it would also be possible to
code the variables as — 1 and 1, respectively).

For the statistical analysis, the factors shear frequency and compressive strain were combined to the factor
loading protocol. Previous experiments by Li et al. indicated that mechano-induced chondrogenesis depends on
the amplitude of shear frequency and compressive strain®®. The previously established knowledge allowed us to
set contrasts for the statistical analysis. For the loading protocols, contrasts were split once, either first accord-
ing to shear (Table 3) or first according to compression (Table 4). Within each contrast (e.g. contrastlg,,,), each
loading protocol was assigned a weight. The weight was decided upon according to a predefined hypothesis (e.g.
the comparison between low shear (0.2 and 0.6 Hz) and high shear (10 Hz)). Meaning that the loading protocols
with low shear are grouped and coded the same first value and the loading protocols with high shear are grouped
and coded the same second value. For each contrast, the sum of its weights must equal zero. This procedure is
repeated until every group only consists of two different loading protocols. Furthermore, if the product of the
weights of every condition (in this case, the different loading protocols) adds to zero, the contrasts is orthogonal
or independent®’. This has the advantage that the resulting p-values and regression coeflicients are uncorrelated.

For the contrasts that were first split according to shear, this resulted in the first contrast, contrastl .,
comparing low shear (0.2 and 0.6 Hz) to high shear (10 Hz). The second contrast, contrast2,,. compared low
compression (5% and 10%) to high compression (20%) in the low shear (0.2 and 0.6 Hz) group. Contrast3,.,,
compared 5-10% compression in the low shear group. Contrast4,,, compared 5-20% compression in the high
shear (1 Hz) group.

Alternatively, for the contrasts that were first split according to compression, this resulted in the first contrast,
contrastl ., comparing low compression (5% and 10%) to high compression (20%). The second contrast,
coNtrast2 ., compared low shear (0.2 and 0.6 Hz) to high shear (1 Hz) in the low compression (5% and 10%)
group. Contrast3,,,,, compared 0.2-0.6 Hz shear in the low compression group (5% and 10%). Contrast4
compared 0.2-1 Hz shear in the high compression (20%) group. All measured values were normalized to the DNA
content of the respective scaffolds. The samples were run in duplicates (e.g. there were two scaffold samples for
the following characteristics: donor: 1; type of counterface: cylinder; loading protocol: s-0_2-c-5). Comparisons
between treatments were made between the sums of the values of each day, resulting in a cumulative end-point
value.

The Wilcoxon rank sum test was used to test the difference between load type (loaded vs. unloaded) and the
values represent mean + standard error of the mean (SEM). Effect size was calculated according to Rosenthal®?.

Results

Effect of loading parameters on DNA content. There was a statistically significant difference (p<.05,
r=-.26) in DNA content in loaded scaffolds (6.2% lower, mean =16.53 pg, SEM = 0.14) after 12 days compared to
unloaded controls (mean=17.63 ug, SEM =0.38—Supp. Fig. 2A). Contrast analysis revealed that neither coun-
terface type, nor the loading protocols, nor their interaction (Supp. Fig. 3A-H) significantly affected DNA con-
tent. Figure 2A shows the DNA content separated by counterface type and loading protocol.
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Figure 2. DNA and total sGAG produced (released and retained) content of MSCs seeded in fibrin
polyurethane scaffolds and after 10 load cycles. DNA content (A) and total sGAG content (sample + medium)
(B) of MSC:s in loaded scaffolds distinguished by counterface type (Ball and Cylinder) or unloaded (UL)
condition and loading protocols. Data are shown as mean + SEM of three independent experiments with cells
from three individual donors. Each experimental group was run in technical replicates. Statistical testing was
not performed on single conditions but on contrasts (Supp. Fig. 2). s shear, c compression.
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Figure 3. Interaction plots of significant contrasts split first by shear (A, C, D, G, H) and by compression

(B, E, F, 1, ]) for produced and active TGF-B1 and BMP2 content. Data are shown as mean + SEM of three
independent experiments with cells from three individual donors. Each experimental group was run in technical
replicates. Different loading conditions summarized in contrast groups according to Tables 3 and 4. Significance
of interaction between counterface type and contrast groups tested using a linear mixed model with donor as
random effect: *p <.05.

sGAG response remains unaffected by the choice of loading protocol and counterface. Sig-
nificantly more total (retained and released) sGAG was produced by loaded scaffolds in comparison to unloaded
controls (loaded: 26.02 pg/ug+0.55; unloaded: 20.78 ug/ug+0.81, p<.01, r=—.35—Supp. Fig. 2B). However,
no significant difference between the loading protocols, the different counterface types, or their interaction was
found (Supp. Fig. 31-P). Furthermore, no statistical difference was observed between unloaded and loaded scaf-
folds, when measuring only the sGAG retained in the scaffold (data not shown). Figure 2B shows the sGAG
content separated by counterface type and loading protocol.

TGF-B1is mediated by interactive effects of loading parameters.  The total produced TGF-f1 con-
tent, consisting of both latent and active TGF-P1, was almost doubled (x 1.83) by loading the scaffolds (loaded:
1245.62 pg/pg +40.98; unloaded: 680.77 pg/ug +43.44, p <.0001, r=—.49—Supp. Fig. 2C). There were no signifi-
cant main effects for either counterface type or loading protocol. However, there was a significant interaction
effect of the type of counterface and the loading protocol (p<.05). When choosing the cylinder and a loading
protocol with high shear frequency (1 Hz), varying from low (5% and 10%) to high (20%) compressive strain
significantly increased TGF-B1 production (p <.01, contrast4y,.,,—Fig. 3A). Similarly, choosing the cylindrical
counterface at high compressive strain (20%) and increasing the shear frequency from low (0.2 Hz and 0.6 Hz)
to high (1 Hz) significantly increased TGF-B1 production (p <.05, contrast4.,,,—Fig. 3B). Therefore, for TGF-
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Figure 4. TGF-P1 produced (latent and active), active TGF-p1, BMP2 and nitrite content released by MSCs
seeded in fibrin polyurethane scaffolds after 10 load cycles. Produced (A) or active (B) TGF-$1, BMP2 (C)
and nitrite (D) released by MSCs in loaded scaffolds distinguished by counterface type (Ball and Cylinder)

or unloaded (UL) condition and loading protocols. Data are shown as mean + SEM of three independent
experiments with cells from three individual donors. Each experimental group was run in technical replicates.
Statistical testing was not performed on single conditions but on contrasts (significant contrasts in Fig. 3; non-
significant contrasts in Supp. Figs. 4 and 5). s shear, c compression.

B1 production, the cylinder and high shear and high compression are the most favorable factor combination.
Figure 4A shows the produced TGF-B1 content separated by counterface type and loading protocol.

Loading the scaffolds activated latent TGF-B1 (46.07 pg/ug + 5.24). Except for one sample, where a very low
amount of active TGF-B1 was detected (which was 115 times lower than the average of the loaded group), no
activation was measured in the unloaded controls (Supp. Fig. 2D). For active TGF-B1, there were significant main
effects for both counterface type (p <.01) and loading protocol (p <.001). Most importantly, there was a significant
interaction effect of the type of counterface and the loading protocol (p <.05). This indicates that the effect of
different loading protocols was significantly affected by counterface type. Our hypothesis that the cylinder coun-
terface, with its larger surface, would increase TGF-B1 activation through increased shear compared to the ball
counterface was confirmed (p <.05, contrastl,.,,—Fig. 3C). Furthermore, planned orthogonal contrast analysis
revealed that when using the cylindrical counterface at high shear (1 Hz) the choice of compression significantly
affected TGF-P1 activation. In fact, by increasing the compression from 5 to 20% strain, a higher active TGF-p1
content was measured in the medium with a cylinder compared to a ball (p <.05, contrast4y,.,,—Fig. 3D). By
using a cylinder and splitting the contrasts first amongst low (5% and 10%) and high compression (20%), it was
shown that loading protocols with high compression increased active TGF-p1 (p <.05, contrast1 g, —Fig. 3E).
If high shear (1 Hz) was used with high compression (20%), more activated TGF-B1 was measured (p <.01,
contrast4,y,,—Fig. 3F). Choosing the cylindrical counterface and the loading protocol with highest shear and
compression settings leads to the highest amount of active TGF-p1. Figure 4B shows the active TGF-B1 content
separated by counterface type and loading protocol.

BMP2 content reflects active TGF-B1 content. Loading the scaffolds led to an almost twofold increase
in BMP2 compared to unloaded control (loaded: 1245.62 pg/ug+40.98; unloaded: 680.77 pg/ug+43.44,
Pp<.0001, r=-.46—Supp. Fig. 2E). Both main effects of counterface type (p <.05) and loading protocol (p <.001)
and most importantly, their interaction (p <.01) were significant. Contrast analysis revealed that using a cylinder
and applying low shear significantly increased BMP2 content when varying the compression from 5 to 10%
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Figure 5. Correlogram of the different response variables. Data from three independent experiments with cells
from three individual donors. Each experimental group was run in technical replicates. All response variables
are normalized to the DNA content (except the DNA content). Number in squares refers to the Pearson’s r
correlation coeflicient. p <0.05 for all squares that are not blank. Red colors refer to negative correlation, blue
colors refer to positive correlation. Supp. Fig. 6 shows the correlograms according to the different loading
protocols.

strain (p <.05, contrast3g,.,,—Fig. 3G). Likewise, using a cylinder, applying high shear and changing from 5 to
20% compression led to significant elevation in BMP2 levels (p <.05, contrast4,.,,—Fig. 3H). For low compres-
sion (5% and 10% strain), already increasing the shear from 0.2 to 0.6 Hz led to an increase in BMP2 when using
a cylinder (p <.05, contrast3,,,,—Fig. 31). Also, for high compression (20%), and increase in shear from 0.2 to
1 Hz and selecting the cylindrical counterface resulted in the highest BMP2 content (p<.01, contrastd g, —
Fig. 3]). Figure 4C shows the BMP2 content separated by counterface type and loading protocol.
Compression affects nitrite response. Similarly, higher nitrite concentration was detected in this study
when comparing loaded to unloaded scaffolds (loaded: 1.59 pg/ug+0.05; unloaded: 0.96 pg/ug+0.14, p<.0001,
r=—.40—Supp. Fig. 2F). While the counterface type did not affect nitrite concentration, contrast analysis
revealed that the main effect of loading protocols was significant (p <.001). Contrast analysis revealed that at
high shear, increasing compression from 5 and 10% to 20% resulted in an increase in nitrite levels (p <.05).
Additionally, irrespective of shear frequency, increasing compression from low (5% and 10%) to high (20%) lead
to a significant increase in nitrite (p <.05). The interaction between counterface type and loading protocol did
not significantly alter measured nitrite concentration (Supp. Fig. 5). Figure 4D shows the nitrite concentration
separated by counterface type and loading protocol.

Correlation of the different response variables. Amongst the loading conditions, the measured BMP2
correlated strongly with the amount of activated TGF-p1 (r=.83, p <.05—Fig. 5). Similarly, total sGAG content
appeared to strongly correlate with total produced TGF-B1 (r=.78, p <.05—Fig. 5). However, the DNA content
within the loaded scaffolds was inversely correlated with the nitrite concentration (r=-.74, p <.05—Fig. 5).
Splitting the correlogram by the different loading protocols did not appear to drastically change the relationships
between the different response variables (Supp. Fig. 6).

Discussion

Clinicians and researchers place significant hope on TE to regenerate tissues with limited potential for self-
repair. Progenitor cells such as MSCs, play a key role, given their potential for both proliferation and differen-
tiation. Regarding the latter, an adequate physical environment is believed to be a requirement for successful
differentiation®**. However, the exact mechanism through which MSCs differentiate remains unclear. A stream-
lined way to test multiple conditions could offer new insights into the mechano-induced differentiation of MSCs
and accelerate the identification of suitable biomaterials for cartilage and bone repair.

In this study, MSCs seeded within fibrin-PU scaffolds were exposed to joint-mimicking multiaxial compres-
sion and shear, a complex mechanical stimulation known to drive chondrogenesis?****. By combining a full
factorial DOE with contrasts and a linear mixed model, we aimed to test different loading parameters by measur-
ing different candidate biomarkers secreted by the MSCs. This approach demonstrated interactive effects between
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counterface type and loading protocols on biological marker production and could therefore prove useful for
the investigation of possible interactions across certain factors when testing biomaterials.

We previously showed that mechanical stimulation in our bioreactor system activates latent TGF-B1'. Multi-
ple reports have highlighted that fluid shearing plays a role in the production and activation of latent TGF-p3-%¢.
Additionally, integrin binding to latent TGF-p1 that is linked to the ECM has been demonstrated to result in
active TGF-f1 release’’. We surmise that fluid shearing mainly activates the latent TGF-$1 during the early
stages, where no ECM is present. This is in line with research from Tanaka et al. that suggests fluid shearing
to be the dominant effect during compression of porous scaffolds®. On the other hand, at later stages, when
mature ECM is present, the latent ECM-bound TGF-p1 is released and activated by the local deformation of the
scaffold. In our study, the increase in both shear and compression coupled with an increase in scaffold surface
exposed to maximal compression combined with shear due to the counterface type (cylinder) promoted TGF-f1
activation, a main driver of chondrogenesis. These findings have previously been confirmed by gene expression
results investigating chondrogenesis in MSCs*’. Additionally, Zahedmanesh et al. used a finite element model to
show that local compressive deformations, with negligible pore fluid pressure suffice to induce chondrogenesis
in the same MSC enriched fibrin-PU scaffolds®. They also showed that the combination of compression and
interfacial shear lead to the highest minimum magnitude in all three compressive principal strains as opposed
to shear or compression alone®”. We have previously shown that mechanical activation of TGF-p can occur in
the absence of cells'!. Therefore, we reason that the cylindrical counterface surface, together with the increased
magnitude of compression and shear, enhanced the local activation of TGF-p. As the pericellular matrix develops
and matures, the larger compressive deformation may further increase TGF-p1 activation via integrin-mediated
tension on the cells.

BMP2, which is another member of the TGF-f superfamily, showed very similar trends to the TGF-p1
measured in the medium. In fact, BMP2 has been shown to respond to tensile stress in a rat osteotomy study*.
Another study showed enhancing effects of mechanical signals in the BMP signaling pathway*'. However, it is
debatable whether increased BMP2 in our experiment would eventually improve chondrogenesis. Not only is
BMP2 an important marker for chondrogenesis, but also for osteogenesis. BMP2 plays a role in fracture repair
and in the induction of chondrocyte hypertrophy*>*. Additionally, BMP2 has been shown to autoregulate its
expression in mice*. This suggests that BMP2 could also be increased via a positive feedback mechanism.

The combination of BMP2 and TGF-P1 has been demonstrated to be more effective in inducing chondrogen-
esis than TGF-P1 alone in rabbit bone marrow derived MSCs*. Additionally, it was observed that gene expression
of the hypertrophic marker collagen type X was not significantly increased by using a loading protocol combining
compression and shear?. However, the exact mechanism how TGF-p1 and BMP2 interact is currently unknown.
Elevated levels of active TGF-B1 may potentially lead to increased BMP2 content. Their dependency could be
explored by blocking the TGF-B1 with TGF-f receptor 1 (ALK5) inhibitor LY364947, as already successfully
performed by Li et al. in our system*. Our DOE approach would then be a useful tool to correlate different
concentrations of TGF-p1 and BMP2 to the histological outcomes.

In light of the increased amount of active TGF-f1 in specific loading protocols, one would also assume the
MSCs to be pushed towards chondrogenesis, resulting in an increase in SGAG production in loaded samples.
Indeed, significantly more sGAGs were measured in the medium of the loaded samples compared to unloaded
controls, however the sGAGs measured in the samples did not significantly differ. This suggests that while total
GAG production increased, the short culture time of 12 days was not sufficient for the scaffolds to produce
enough matrix to retain the elevated sGAG content that was induced by the activated TGF-p1 in the loaded
groups.

The emphasis of this experiment was to use a DOE design to reduce the number of candidate loading con-
ditions for subsequent longer experiments. Previous studies performed by our group have shown that early
data accurately represents longer-term results, thus enabling an early rapid screening approach!!. Furthermore,
multiaxial load favors a chondrogenic phenotype® and the expression of TGF-1 in the medium correlates with
sGAG production by the cells, further validating its use as a predictive marker*. Nevertheless, chondrogenesis
experiments using the identified conditions will be performed for longer periods of at least 21 days as it usually
takes several weeks until enough mature matrix has formed that could retain observable amounts of chondro-
genic proteins. Longer studies with fewer groups selected from this successful screen, with histology and immu-
nohistochemistry as end-point measurements are planned to validate our short-term findings.

Nitric oxide and its indirect marker nitrite have been suggested to respond to mechanical load via inducible
nitric oxide synthase (iNOS)*. Similarly, in our study, higher nitrite concentration was measured in loaded
scaffolds compared to controls. However, even though higher mechanical load could potentially lead to larger
stress on the cells, increasing the amplitude of loading protocols did not statistically increase the nitrite produc-
tion. Correlation analysis highlighted that increase nitrite negatively correlated with DNA and sGAG content.
Increased amplitude did not further increase nitrite production but did increase TGF-Plactivation. In particu-
lar, the cylindrical counterface and the loading protocol with highest shear and compression settings led to
the highest amount of active TGF-B1. This indicates the loading conditions can be optimized to increase TGF-
Blactivation, without further increasing the negative nitrite effects.

In unloaded controls, the cells seeded on top of the scaffolds remain undisturbed from mechanical load,
which might be more permissive to proliferation. Therefore, we hypothesize that these undisturbed top-layer
cells accounted for the higher DNA content in the unloaded scaffolds.

In the TE field, differences amongst treatment methods are usually investigated using cells from different
donors. The heterogeneity amongst donors already accounts for a very large part of variability, therefore the effect
of different treatment methods, which represents the introduced systematic variability, is often concealed®. This
could mean that despite the existence of similar trends amongst all donors, actual differences are obfuscated
by averaging the values among the donors®. It seems sensible to expect output values stemming from different
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treatment levels of the same donor to be more similar to each other than they are to values stemming from treat-
ment levels of another donor. This would identify the general trends, which would then establish the general
effect of a treatment, irrespective of donor. Furthermore, in tissue engineering, the focus has shifted towards
patient specific treatments and in the clinical setting, stem cells from different donors are also not pooled. Using
linear mixed models that block for donors could better describe the reality than simple ANOVAs and more work
should be done in this direction to validate this hypothesis.

Additionally, the use of planned contrasts allows for predetermined comparisons between conditions or
clusters of conditions to test specific hypotheses. In experiments that compare more than two groups, methods
such as ANOVAs cannot explain which groups are different from each other. While, subsequent t-tests are par for
the course, they lose statistical power by not considering the complete data and need to be corrected for multiple
comparisons™. Planned contrasts allow for a priori defined comparisons to be directly tested.

With the DOE, we were able to show the application of a methodological framework that allows the deline-
ation of complex interactions between factors. This can be utilized to assess optimal mechanical loading pro-
tocols with the longer-term aim of evidence-based rehabilitation protocols, further building on the concept of
regenerative rehabilitation. Furthermore, in a field like TE, where new biomaterials with manifold properties are
continuously being developed, a fast screening using this method could provide insights on whether a biomate-
rial will prove suitable in the future.

Data availability
Relevant data is contained within the manuscript. Additional data can be provided upon reasonable request.
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