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ID, 1 mm OD) was used as an elastic string. 
Stainless steel rods (1 mm in diameter) were 
used to manipulate effective string bending 
stiffness and to suspend the PDMS wells. 

Cell Culture
Meniscal fibrochondrocytes (MFCs) were 

isolated from the medial meniscus of juvenile 
bovine joints. Menisci were diced into ~1 mm3 
cubes and cultured in basal medium (DMEM, 
10% FBS, 1% Anti-Anti) until cells migrated 
out. MFCs were used at P4 or P5. 

Tissue Formation
PDMS wells were Pluronic F-127 treated, 

and strings were fibronectin coated. MFCs 
were encapsulated within 1.5 mg/mL collagen 
gels at a concentration of 1 million cells/mL 
(100k/tissue). Tissues were cultured in basal 
medium, 1% NEAA, 50 mg/mL L-ascorbic acid 
2-phosphate, 40 mg/mL L-proline, with and 
without 10 ng/mL TGF-3. 

Force Analysis
Tissues were imaged using an iPhone 15 

through a Zeiss Stemi 305 microscope. Tissue 
dimensions were measured in ImageJ and 
cross-sectional area was calculated assuming 
an ellipsoid geometry. 

Statistical Analysis
Statistical significance was determined using 

unpaired t-tests and two-way ANOVAs with post-
hoc Tukey tests, as appropriate. Data are reported 
as mean  standard deviation. * p  0.05, ** p  
0.01, *** p  0.001, **** p  0.0001.

Results
Effective string stiffness was determined 

by applying defined loads and measuring 
the resulting deflection, confirming a linear 
stiffness response in the elastic string. The 
R2 values for the linear fits averaged 0.98 
and 0.97 for the soft and stiff configurations, 
respectively (Figure 1E). The slopes of these 
fits revealed a ~3x increase in effective 
stiffness in the stiff configuration compared 
to the soft configuration (Figure 1F).

Introduction
The meniscus is one of the most frequently 

injured structures in the knee,1 with altered 
joint loading accelerating the onset of 
osteoarthritis.2 Its wedge-shaped, semilunar 
architecture and attachment to the tibia enable 
the meniscus to convert compressive forces 
from the femur into hoop stresses, generating 
significant tensile loads.3 In meniscus tissue 
engineering efforts, incorporating tensile 
loading, such as mechanical anchoring,4 can 
enhance functional properties. However, 
the role of tensile loads in tissue formation 
and cellular contraction remains poorly 
understood.

Constrained microtissue models provide 
a valuable platform for investigating these 
processes by enabling real-time, in situ 
measurements of tissue force generation. This 
is accomplished by translating the deflection 
of elastic cantilevers with known mechanical 
properties into force measurements.5 
Boundary stiffness can be modulated by 
altering cantilever material properties5 or 
adjusting the effective bending length of the 
cantilevers.6 Recent innovations in the field 
include models with dynamic and reversible 
boundary stiffness7,8 or the application of 
pre-strain.9 To our knowledge, no model has 
integrated both functionalities10 and applied 
them to study meniscus tissue formation. Here, 
we present a novel constrained microtissue 
model that combines dynamic and reversible 
boundary stiffness with pre-strain capabilities 
to investigate how boundary constraints 
influence meniscus microtissue formation and 
force generation.

Methods

Device Fabrication
3D-printed microtissue devices (Figure 1B) 

and molds were printed in the biocompatible 
VisiJet SL Clear resin on a 3D Systems ProJet 
6000. 1:10 Sylgard 184 was combined into 
a 3D-printed mold to cast PDMS tissue 
formation wells. Silicone tubing (0.5 mm 
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Stiffening significantly reduced force generation in the 
control group, with a similar trend observed in TGF-
3-treated tissues (Figure 3C). Furthermore, stiffened 
tissues (those that were transitioned from soft to stiff) 
generated less force than those cultured under consistently 
stiff conditions (softened tissues pre-transition to soft) 
(Figure 3C). Conversely, the effects of decreasing boundary 
stiffness were less pronounced, particularly in TGF-3-
treated tissues (Figure 3C). While softening seemed to 
increase force generation, it did not surpass levels observed 
in tissues cultured continuously under soft conditions 
(stiffened tissues pre-transition to stiff) (Figure  3C). 
Additionally, TGF-3 treatment appeared to enhance force 
generation during stiffening but had a minimal effect 
during softening (Figure 3C).

Discussion
Here, we introduced a novel constrained microtissue 

model with dynamic, reversible boundary stiffness and 
the potential for adjustable pre-strain to investigate how 
boundary constraints influence meniscus microtissue 
formation and force generation. We successfully formed 
meniscus microtissues, where MFC-laden collagen gels 
compacted into tissues suspended on elastic strings, and 
showed that these tissues could be subjected to varying 
boundary stiffnesses by altering the effective string 
bending length.

When tissues were cultured under soft or stiff conditions 
for 5 days, tissue contraction—and thus force generation—
remained relatively stable after day 1 (Figure 2A). Axial 
compaction stopped early while lateral compaction 
continued throughout culture, with minimal differences 
in cross-sectional area between the two conditions 
(Figure 2B). On day 5, force generation was significantly 
lower in the stiff condition compared to the soft condition 
(Figure 2C). Standardizing measurement stiffness: that is, 
measuring both tissues cultured under soft conditions 
and tissues cultured under stiff conditions in the same 
stiffness configuration, revealed significant changes in 
force generation within each culture condition (Figure 2C). 
Although tissues cultured under soft conditions still 
generated more force overall, the differences were less 
pronounced after standardizing measurement stiffness, 
which highlights the interplay between immediate and 
long-term adaptations to acute changes in boundary 
stiffness (Figure 2C).

During dynamic culture, tissues were first primed 
at one stiffness for 4 days before transitioning to the 
opposite stiffness for 2 additional days (Figure 3A). Force 
generation on day 6 was compared back to day 4, based on 
the observation that force generation stabilizes after day 
1 during static culture (Figure 2A). Unlike static culture, 
dynamic conditions required more time to achieve steady-
state force generation, with tissue adaptations seemingly 
extending beyond the experimental timeline (Figure 3B). 

Figure 1. (A) Model schematic. (B) Assembled model. (C) Partial and (D) full 
tissue compaction. (E) Deflection vs. force. (F) Effective stiffness of the soft and stiff 
configurations.
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Next, we characterized tissue force generation under static 
boundary stiffnesses and their impact on force generation. 
Notably, MFCs generated less force when cultured under 
stiff boundary conditions, contrasting with findings in other 
tissues such as the heart where stiffer boundaries promoted 
higher force generation.11 Additionally, we emphasized 
the utility of standardizing measurement stiffness to 
differentiate between immediate and long-term effects of 
culture under varying stiffness conditions.

We also explored the effects of dynamic boundary 
stiffnesses during culture. Our results showed that MFCs 
were more sensitive to stiffening rather than softening. 
TGF-3 also exhibited distinct effects depending on 
whether the boundary stiffness was stiffened or softened.

Future studies will further explore the response of 
meniscus microtissues to varying boundary constraints, 
particularly the role of pre-strain. Techniques such as 
confocal imaging and qPCR will provide deeper insights 
into how boundary stiffness influences cell and tissue 
organization, as well as cellular responses to changing 
boundary constraints. These efforts aim to uncover 
mechanisms underlying short- and long-term adaptations 
in meniscus microtissues, offering valuable insight into 
tissue formation and maturation under mechanically 
demanding conditions.
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Figure 2. (A) Strain over time, 
(B) Cross-sectional area over time, 
(C) Day 5 force generation under 
soft and stiff culture conditions  
standardized measurement stiffness.

Figure 3. (A) Schematic of culture 
conditions, (B) Tissue strain over 
time under softened and stiffened 
conditions, (C) Force generation 
under softened and stiffened 
conditions  TGF-3.
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