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Directional growth of plant organs is determined primarily by the axis of cell expansion, which is 
specified by the net orientation of the cortical microtubule cytoskeleton. Mutations that 
perturb the organization of cortical microtubules frequently lead to defective cell expansion 
and abnormal organ growth. In this work, we used the spiral1-3 (spr1-3) mutant, which exhibits 
right-handed root twisting, to study how microtubule-level defects result in twisting at the 
organ level.  We found that cortical microtubules in the elongation zone of spr1-3 roots show a 
consistent left-handed skewed alignment prior to the onset of cell file and root twisting, 
whereas wild-type (Col-0) microtubule alignment is largely transverse in this zone. 
Morphometry analysis revealed that individual spr1-3 epidermal cells in the root elongation 
zone have a subtle but consistent right-handed skewed morphology compared to wild-type. 
Specifically, the end walls of spr1-3 cells adopt a skewed angle from horizontal compared to 
wild-type. To determine the relative contribution of different cell layers to root skewing, we 
complemented the spr1-3 mutant with SPR1-GFP driven by tissue-specific promoters. We found 
that epidermis-specific expression of SPR1-GFP is sufficient to restore the cell file and root 
morphology to wild-type, whereas plants expressing SPR1-GFP either in the cortex, endodermis 
or stele resembled the spr1-3 mutant. These findings suggest that the epidermis entrains the 
growth of the inner cell layers, perhaps through mechanical coupling. We are currently 
investigating how cellulose deposition is affected in the spr1-3 mutant in collaboration with 
Charlie Anderson’s lab and using finite element modeling in collaboration with Guy Genin’s lab 
to determine how material anisotropy in the cell wall contributes to chiral root growth. 
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Statement of Purpose: Multicellular spheroids are well-
accepted in vitro cancer models that are routinely used for 
cancer therapy development. Spheroids are typically grown 
on non-adhesive surfaces in the absence of cell-matrix 
interactions. Our lab devolved a hydrogel-based 
glioblastoma spheroid model using polyethylene glycol 
(PEG) gels, which enable the modulation of the spheroid 
microenvironment. Here, matrix stiffness was modulated to 
investigate its effect on growth characteristics, drug 
responsiveness and extracellular matrix (ECM) secretion. 
 
Methods: Spheroids were made by aggregating U87 glioma 
cells or patient-derived tumor initiating cells (TIC) in 
Sylgard microwell molds. The microwells were square 
pyramid shape with dimensions of 800x800x200 µm. Cells 
were seeded at 10^6 cells/well (6500 cells per microwell), 
spun down at 3000 rpm for 3 min, and incubated for 24 hr to 
allow for spheroid formation. To harvest spheroids, the 
microwells were firmly washed with media to dislodge the 
spheroids. Harvested spheroids were encapsulated in a PEG 
hydrogel at a concentration of 75 spheroids per 100 µL. PEG 
hydrogels were prepared from 4-arm PEG-acrylate 
macromer and a 50/50 combination of PEG-dithiol and 
MMP-2 enzymatically degradable peptide crosslinker and 
modified with RGDS for cell adhesiveness. Hydrogels were 
made at a single stiffness of 1 kPa (soft) and 7 kPa (stiff) or 
with a dual stiffness with a thin interface between the 1 and 
7 kPa regions. Cell viability (live/dead staining) and spheroid 
size and infiltration (quantified from confocal images using 
ImageJ) were measured for 7 days in all conditions.  
Infiltration index was calculated by the Eq 1. 

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐴𝐴𝐴𝐴𝐴𝐴𝑇𝑇−𝐴𝐴𝐴𝐴𝐴𝐴𝑇𝑇 𝑇𝑇𝑜𝑜 𝐶𝐶𝑇𝑇𝐴𝐴𝐴𝐴
𝑇𝑇𝑇𝑇𝑇𝑇𝐴𝐴𝑇𝑇𝑇𝑇 𝐴𝐴𝐴𝐴𝐴𝐴𝑇𝑇

  (1). 
Infiltration index is on a range from 0-1 with 0 having no 
infiltration, 1 describes having complete infiltration and 0.5 
has equal area in the periphery and the core. Drug screening 
was performed using 2 mM temozolomide (TMZ) on day 3 
and incubating the spheroids with the drug for 48 hr. Tumor 
initiating cells surgically removed and deidentified from 
patients were also encapsulated in dual gels as previously 
described.  
 
Results: Spheroids made of U87 cells were viable (cell 
viability >90%) for up to 7 days in soft, stiff, and dual 
hydrogels.  Live/dead and phase contrast images for a 
spheroid encapsulated in dual PEG gels at day 5 is shown in 
Figure 1A/B. Phase contrast images for a spheroid 
encapsulated in soft and stiff PEG hydrogels gels at day 5 is 
shown in Figure 1C and D, respectively. Spheroids in the soft 
hydrogels showed greater infiltration in 7 days compared to 
stiff hydrogels. On day 7, spheroids in soft hydrogels had an 
average diameter of 876 µm, while spheroids in stiff 
hydrogels had an average diameter of 680 µm, but both 
conditions had an infiltration index of about 0.71 (Figure 1I), 
meaning most of the cellular content of the spheroid was 

present in the periphery compared to the core. Spheroids in 
soft and stiff hydrogels had similar infiltration indices with 
significant differences in total diameter, which is due to the 
core increasing diameter in the soft hydrogel, while the core 
diameter in the stiff remained constant. This indicates that 
cells were migrating from the core rather than proliferating. 
Overall, lower infiltration was observed in the stiff hydrogels 
possibly due to the higher crosslink density. Live/dead 
staining for spheroids in soft and stiff hydrogels after 48 hr 
exposure to 2 mM TMZ are shown in Figure 1E/F. Cell 
viability in the soft hydrogel dropped 33% when treated with 
2 mM TMZ, while cell viability dropped only 20% in the stiff 
hydrogel. Spheroid diameter for both soft and stiff hydrogels 
each dropped 20%, showing a decrease in infiltration ability 
when exposed to TMZ. Phase contrast images of TIC 
spheroids in dual hydrogels are shown in Figure 1G/H. TIC 
spheroids showed a different infiltration profile compared to 
U87 spheroids, infiltrating in a circular fashion compared to 
individual protrusions. TIC spheroids in stiff hydrogels also 
showed a higher infiltration index on day 5 (0.53) compared 
to the soft hydrogel (0.39) as shown in Figure 1J. 
 

 
Figure 1. A-C) Phase contrast of U87 spheroids in dual (A), stiff (C) and 
soft (D) hydrogels. B) Fluorescent image of spheroids in dual hydrogel 
(DioC). E-F) Live/dead (DioC/PI) of spheroids in stiff (E) and soft (F) 

hydrogels treated with 2 mM TMZ for 48 hr. G-H) Phase contrast of TIC 
spheroids in dual hydrogels. Scale bar on all images is 200 um I) Average 
spheroid diameter in U87 spheroids in soft and stiff hydrogels for 7 days 

and drug screening. J) Infiltration Index of TIC spheroids in dual 
hydrogels 

 
Conclusion: Here the effects of matrix stiffness on spheroid 
growth characteristics and drug responsiveness were 
investigated. Spheroids in soft hydrogels showed more 
infiltration and more growth in the core of the hydrogel 
compared to the stiff hydrogel. When spheroids were 
exposed to TMZ, spheroid diameter decreased a similar 
amount, but spheroids in stiffer hydrogels showed a slightly 
higher viability.  
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Mechanical forces play key roles in growth and development of both animal and plant cells. While this 
has been well studied in mammalian cells, little is known about how mechanical forces affect plant cells 
on the molecular level. Current approaches to investigating mechanical forces in plants are insufficient 
and in vitro systems are limited. As a solution, we are using cells derived from Nicotiana tabacum to 
develop a microfluidics device as an in vitro model system to study mechanical forces on plant cells. This 
device relies on a matrix made of PVDF-TrFE, which has been previously shown to display properties that 
mimic the plant cell wall, and to which plant cells adhere. Here we discuss our current work as well as 
potential applications for this technology.  
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Plastin-3 (PLS3) is a calcium-sensitive actin-bundling protein that has recently been linked to the 
development of childhood-onset osteoporosis; however, the role of PLS3 in bone health and the 
underlying pathophysiology in PLS3-linked osteoporosis remains unknown. Here, we investigated 
the role of PLS3 in osteoblast cells which are responsible for bone formation and whose 
osteogenic differentiation is driven by mechanical factors, including substrate stiffness. Our 
results show that PLS3 knockdown osteoblasts normally deposit collagen matrix compared to 
control cells yet are impaired in their ability to promote mineralization of this matrix. This 
emphasizes that the mechanism underlying PLS3-linked osteoporosis is distinct from other 
congenital forms of osteoporosis classified as collagenopathies. We hypothesize that in vitro 
mineralization by control osteoblasts is influenced by substrate stiffness, where stiffer or more 
“bone-like” substrates cause osteoblasts to deposit more mineral. However, we anticipate this 
pathway is broken in in PLS3 knockdown cells, where stiffer substrates do not lead to increased 
mineral deposition, suggesting PLS3 may drive osteoblast differentiation through a role in 
mechanosensation. In line with this, PLS3 knockdown osteoblasts lack the increase in cell size 
commonly observed for cells plated on stiff substrates as well as the concomitant cytoskeletal 
changes, including formation of thicker actin stress fibers and larger focal adhesions. Taken 
together, these findings suggest that PLS3 knockdown osteoblasts are impaired in sensing 
changes to the stiffness of their environment and transducing those cues to the actin cytoskeleton, 
which may contribute to the development of osteoporosis in patients carrying mutations in the 
PLS3 gene.  

 

 



High-dimensional analysis of tissue shape variations in embryo development 
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Embryo development involves reproducible changes of tissue shape to generate functional 
organs. The morphogenetic process requires coordination of force generation at subcellular, 
cellular, and tissue scales. At each level, molecular fluctuations could lead to variations in 
tissue shape. However, what are the dominant sources of variations in tissue morphogenesis? 
How does a tissue reduce these variations to generate reproducible shape? Here we take an 
unbiased approach to quantify major modes of variations in tissue morphogenesis. We 
imaged the morphogenesis process of zebrafish spinal cord for 10 hours, capturing its 
transition from a plate-like structure to a tube-like structure. We then perform automatic 
image analysis to extract the outline of the tissues, and digitize it to surface grid points to 
represent the overall shape. We plan to apply standard dimension reduction methods (e.g., 
principal component analysis) to identify principal modes of shape variation. We will then 
analyze tissue shapes from well-known and novel genetic mutants to understand whether 
these principal modes of variations can be explained by changes of gene expression in key 
regulator genes. We aim to generate a framework to map genetic variations to tissue shape 
variations and provide a physical explanation of the origin of variations in tissue 
morphogenesis.   
  
 



Interplay of Genotype and Substrate Stiffness in Driving the Hypertrophic 
Cardiomyopathy Phenotype in iPSC-Micro-Heart Muscle 

Jingxuan Guo, David R. Schuftan, Daniel Simmons, Huanzhu Jiang, Nathaniel Huebsch*. 

Hypertrophic Cardiomyopathy (HCM) shares many similarities with non-inherited cardiac 

hypertrophy induced by pressure overload. This suggests a potential role for environmental 

factors in tissues with mutation-induced changes to develop phenotypes associated with HCM. 

Here, we assessed heterozygous loss of function of Myosin Binding Protein C (MYBCP3+/-), 

combined with mechanical loading to drive changes in action potential morphology, calcium 

transients and contractility.  

Isogenic control (WTC) and MYBCP3+/- iPSC were differentiated into cardiomyocytes using small 

molecule manipulation of Wnt signaling. The cardiomyocytes were seeded into ‘‘dog bone’’ 

shaped stencil molds to form micro-heart muscle. To mimic changes in myocardial stiffness 

stemming from pressure overload, we varied the rigidity of the substrates micro-heart muscle 

contract against. Stiffnesses consist neonatal (0.4 kPa), healthy (15 kPa) and fibrotic (65 kPa). 

Substrates were embedded with a thin layer of fluorescent beads to track contractile force; parent 

iPSC were engineered to express the genetic calcium indicator, GCaMP6f to study calcium 

dynamics. Tissues were stained with voltage sensitive dye to assess action potential waveforms. 

High speed video microscopy was used to quantify contractility, calcium handling and action 

potential of micro-heart muscles.  

Environmental stiffness triggered physiological adaptation for both genotypes. At soft 0.4 kPa, 

similar contractility and electrophysiology were seen. At 15 kPa, substrate stiffness led to 

hypercontractility together with prolonged calcium upstroke and action potential duration for 

MYBCP3+/- tissues, however, this difference is less substantial at 65 kPa fibrotic conditions. This 

work suggests that mimicking non-genetic, environmental factors in vitro is key to unveiling 

genotype-phenotype relationships observed in vivo to allow physiologically relevant studies in 

human cells.  

 



Effects of tendon viscoelasticity on the distribution of forces across sutures in a model 
tendon-to-bone repair 

 
Yuxuan Huang1, Ethan D. Hoppe1, Iden Kurtaliaj3, Victor Birman2, Stavros Thomopoulos3, and 

Guy M. Genin1 
 

1 NSF Science and Technology Center for Engineering Mechanobiology, Department of Mechanical 
Engineering and Materials Science, Washington University, St. Louis, MO, USA 

2 Department of Mechanical and Aerospace Engineering, Missouri University of Science & Technology, 
Rolla, Missouri, USA 

3 Department of Orthopedic Surgery, Columbia University, New York, NY, USA 

 

Tears to the rotator cuff often require surgical repair. These repairs often culminate in re-
tearing when sutures break through the tendon in the weeks following repair. Numerous 
studies have been performed to identify suturing strategies that reduce this risk by balancing 
forces across sutures. However, the structural engineering basis for these approaches is still 
emerging, and the effects of tendon mechanics on load balancing is still unclear. Specifically, 
the effects of the viscoelastic nature of tendon on load sharing have not been established. With 
the aim of providing insight into this problem, this thesis studies how tendon viscoelasticity, 
tendon stiffness, and structural features such as the spacing of suture anchors affects the 
balance of forces across sutures. A discrete shear lag approach was developed, and the 
equations were solved numerically. Results from a model, three-row sutured re-attachment 
demonstrated that optimized distributions of suture stiffnesses and of the spacing of suture 
anchors can balance the forces across sutures to within a few percent, even when accounting 
for tendon viscoelasticity. Non-optimized distributions resulted in concentrated force, typically 
in the outermost sutures. The mathematical framework provides a foundation for optimizing 
suturing strategies, and results underscore the importance of accounting for viscoelastic effects 
in the design of tendon to bone repairs. 
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Abstract 
Chronic kidney disease and end-stage kidney failure are widespread health problems with no cure. The 
biophysics underlying them are still not clear, in part because material systems for reconstituting the 
microenvironment of relevant kidney cells are limited. A critical question is how kidney podocytes (glomerular 
epithelial cells) regenerate foot processes of the filtration apparatus following injury. Recently identified 
sarcomere-like structures (SLSs) with periodically spaced myosin IIA and synaptopodin appear in injured 
podocytes in vivo. We hypothesized that SLSs template synaptopodin in the initial stages of recovery, and 
tested this hypothesis by developing an ex vivo culture system where SLSs were observed for the first time in 
podocytes migrated out of isolated kidney glomeruli. Podocytes formed peripheral foot process-like extensions 
from the periodically spaced synaptopodin-positive clusters. SLSs were mechanoresponsive to actomyosin 
inhibitors and substrate stiffness. Results indicate a role for mechanobiological factors in podocyte recovery, 
and suggest SLSs as a target for therapeutic intervention. 
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The primary cell walls of land plants are multilayer composites of cellulose microfibrils, 

hemicellulose, pectin, and structural proteins. Heterogeneity in polymer composition and 

organization directly affects cell wall mechanical behavior, and thus cell wall function during plant 

growth and development. However, analysis of the plant cell wall to determine correlations among 

its composition, organization, and mechanics has been challenging. We applied atomic force 

microscopy coupled with infrared spectroscopy (AFM-IR) to co-register chemical and mechanical 

properties of the Arabidopsis thaliana epidermal cell wall in a stem cross section. Spatially 

localized infrared (IR) spectra were analyzed by multivariate statistical analysis to visualize cell 

wall chemical heterogeneity and assign the chemical origin of IR spectral signatures. AFM-IR 

spectra across the epidermal cell wall were deconvoluted by non-negative matrix factorization 

(NMF) into a linear combination of IR spectral factors representing sets of chemical groups that 

comprise cell wall components: (Factor 1) neutral sugars of cell wall carbohydrates; (Factor 2) 

glycosidic linkages of cell wall carbohydrates and amino groups of cell wall proteins; and (Factor 

3) acidic sugars of cell wall carbohydrates and carbonyl groups of cell wall proteins. Auto

correlation analysis of the spatial distribution of NMFs and mechanical properties showed that 

higher positive AFM phase shifts correlates with a higher positive difference in the abundance of 

Factor 1 when subtracted from the combined abundance of Factors 2 and 3. Our findings suggest 

that the carbohydrate composition of cell wall junctions between neighboring A. thaliana 

epidermal cells correlates with increased local stiffness and provides a method to spatially analyze 

the relationship between cell wall composition and mechanics of intact plant tissues. 

The interplay between the chemical composition and mechanical behaviors of the plant cell 

wall, a natural nanocomposite material, has prompted researchers to investigate mechano-chemical 

correlations in plant biomass-derived nanocomposites. As cellulose is the most abundant 

biopolymer in plant biomass, selective acid hydrolysis of plant biomass can yield biocompatible, 

renewable cellulose nanocrystals (CNCs). CNCs feature a large surface area, high aspect ratio, and 

a substantial capacity for surface chemical modification. CNCs have outstanding mechanical 

strength for bearing loads from external environments, with a modulus of 50-200 GPa. Therefore, 

incorporating CNCs into a nanocomposite matrix can potentially result in outstanding mechanical 

behaviors of the nanocomposites. To further alter the mechanical behavior of the nanocomposites, 

magnetic fields can be applied to align and disperse CNCs into the nanocomposite matrix. We will 

investigate the reinforcing effects that CNCs have on the mechanical properties of the 

nanocomposites with and without magnetic fields. Nanocomposites of CNCs and CNCs with 

surface coating designed to leverage intermolecular interactions with recombinant protein DOPA 

units can be used to understand the CNC surface effect. The resultant CNC-recombinant protein 

nanocomposites are expected to have enhanced mechanical behaviors. By examining the relations 

among the chemistry, structure and mechanics of the CNC-reinforced nanocomposites, the 

findings will help promote CNCs as biocompatible and renewable material in food packaging, 

medical and biological applications. 



VEGFA ablation blunts locomotive deficits and intradiscal innervation following lumbar intervertebral disc injury  
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INTRODUCTION: Lower back pain (LBP) is a disabling, costly, and multifactorial condition with a chronic LBP prevalence of 23% and a disabling 
prevalence of 11-12% [1].  The Intervertebral disc (IVD) is responsible for chronic LBP 39% [2] of the time. Surgical injury to the lumbar IVD in mice can 

recapitulate the locomotive impairments and pathoanatomical features of discogenic LBP [3]. Yet, the biologic mechanism leading to pathoanatomy remains 

unclear. Vascular Endothelial Growth Factor A (VEGFA), a ubiquitous cytokine that plays critical roles in angiogenesis as well as neurogenesis and neural 
migration, differentiation, proliferation, and guidance, is associated in painful behavior [4,5]. While the constitutive deletion of VEGFA is embryonically 

lethal, recent work has shown that the tamoxifene(TAM)-inducible Cre-ER/loxP driven deletion of VEGFA can provide insights in skeletal healing [6].  

Using this system, we sought to examine the effects of VEGFA removal on the intradiscal innervation and locomotive function in an animal following a 

targeted lumbar IVD injury.   

METHODS: All procedures were performed with WUSM IACUC approval. Male (n=18) and female (n=10) 4-6 month old Ubiquitin(UBC)-CreERT2; 

VEGFAfl/fl mice were allocated into Sham and lumbar puncture (LP) groups.  After two oral doses of TAM at 100µg /g, the animals are considered 
‘VEGFA-null’ [6].  Cre-;VEGFAfl/fl  are the WT controls for this study. Three surgical cohorts were combined with an initial study (n=10 females) including 

3,6,9, and 12 week time points and the 2nd (n=10 males) and 3rd (n=8 males) cohorts including baseline and 3 week time points. The L5/L6 IVD was first 

exposed using a minimally invasive lateral-retroperitoneal approach and then punctured through the annulus fibrosis and into the nucleus pulposus multiple 
times with a 30G needle. VEGFA KO (n=11) and WT (n=9) received lumbar puncture (LP) and 4 VEGFA KO and 4 WT received a sham operation without 

disc puncture. The animals then received TAM on post-surgery days 3 and 4.  Behavioral testing was performed using a Rotarod (Bioseb, France), Open 

Field (Omnitech, USA), and an Electronic Von Frey (Bioseb, France). Rotarod analysis required initial training to stand and walk on the rotating baseline of 
4 RPM velocity for 120 seconds. Acceleration trials were performed from 4-40 RMPs in 120 seconds. Latency to fall was recorded for each trial and 5 trials 

were performed with rest between trials. Open field sessions were recorded for 1 hour per time point in 5 minute blocks. Electronic Von Frey measured 

withdrawal force in grams over 3 repeated measures per hind paw side. The left and right Von Frey measurements were then normalized to a withdrawal 
asymmetry percentage to determine the relative changes in pain sensitivity.  Immunohistochemistry (IHC) using PGP9.5, a pan-neuronal marker, on 

midsagittal sections, was performed on the 2nd and 3rd cohorts at 3 weeks post-surgery and imaged using a confocal microscope (Leica, USA). Images were 

graded (0-3) for the presence and intradiscal depth of neuronal staining in the outer annulus fibrosis of the IVD.  Linear mixed effects models were used to 
explore the main effects of genotype, surgery, and post-operative time, and their pairwise interactions on the following response variables: maximum rotarod 

performance, average open field activity metrics, Von Frey withdrawal asymmetry, and IHC scoring. Sidak’s posthoc comparisons were used.   

RESULTS:  Surgery survival was 75-80% at terminal time points.  The pre-TAM, pre-operative mice cohorts performed similarly to each other on the 
Rotarod (p=0.49; Fig 1A).  Following LP surgery and TAM-administration, the VEGFA-null mice exhibited greater latency prior to falling on the Rotarod 

(p=0.007; Fig 1A).   Total distance and movement time during open field showed a similar genotype effect (p=0.004) with VEGFA KO mice having lower 

activity than WT with no differences seen at T=0. The minimum Von Frey withdrawal asymmetry percentage threshold showed significance (p<0.05) in 
genotype, side, surgery/genotype interaction, genotype/side interaction, and (p<0.01) surgery/side interaction with increased sensitivity in the VEGFA KO 

(Figure 1B).  SHAM animals exhibited no PGP9.5 intradiscal staining, and the WT animals exhibited moderate to severe intradiscal nerve staining in LP and 

adjacent IVDs (p=0.004 ; Fig1C-D).  The VEGFA-null animals showed reduced PGP9.5 staining compared to the WT (p =0.02; Fig 1C-D).   

DISCUSSION: Ablation of VEGFA following the LP injury allowed to animals to regain their pre-operative locomotive performance on the RotaRod.  The 

VEGFA-null animals also recovered quickly from the asymmetric pain sensitivity.  Moreover, we observed reduced intradiscal innervation in the VEGFA-

null animals.  However, the source of and responding tissues to VEGFA remain unclear, and future work will need to account for tissue-specific sources of 

VEGFA.   

SIGNIFICANCE: VEGFA ablation improved motor function and reduced IVD innervation in mice model of IVD injury and could be a viable therapy for 

LBP.  

ACKNOWLEDGEMENTS: This study is in part supported by NIH R01AR074441, R01AR077678, K01AR069116, and P30 AR074992.  
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Figure 1: A) Rotarod performance with genotype significance shown pre-surgery (T=0; p=0.49) and post-surgery (T=3,6,9,12;p=0.007) with mean ±STD. 

B) Von Frey minimum withdrawal threshold asymmetry shows a genotype difference (p=0.04, other effects not shown) with mean ±STD  C) Scoring of 

neuronal staining shows a genotype (p=0.02) and surgery (p=0.004) difference with mean ±SEM D) PGP9.5 stained IVD images, Scale bar = 200µm. 
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Background: Actin stress fibers are abundant in cultured cells, but little is known about them in 
vivo. In podocytes, much evidence suggests that mechanobiological mechanisms underlie 
injury, with structural changes to actin stress fibers potentially responsible for pathological 
changes to cell morphology. However, this hypothesis is difficult to rigorously test in vivo due 
to challenges with visualization. 
 
Methods: We developed the first visualization technique capable of resolving the three- 
dimensional (3D) cytoskeletal network in podocytes in detail while definitively identifying 
the proteins that comprise this network. This technique integrates membrane-extraction, 
focused ion beam scanning electron microscopy (FIB-SEM), and machine learning image 
segmentation. 
 
Results: Using isolated mouse glomeruli from healthy animals, we observed actin cables and 
intermediate filaments linking the interdigitated podocyte foot processes to newly 
described contractile actin structures located at the periphery of the cell body. Actin 
cables within foot processes formed a continuous, mesh-like, electron dense sheet that 
incorporated the slit diaphragms. 
 
Conclusions: Our new technique revealed, for the first time, the detailed 3D organization of 
actin networks in healthy podocytes. Our data are in agreement with the gel compression 
hypothesis regarding the glomerular filtration barrier and provide insight into how 
podocytes respond to mechanical cues from their surrounding environment. 

https://pubmed.ncbi.nlm.nih.gov/34758982/#affiliation-7


Integrin and Syndecan Binding Peptide-coupled Alginate Hydrogels to Modulate Nucleus 

Pulposus Cell Phenotype 
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1Department of Biomedical Engineering, 2Department of Orthopedic Surgery, 3Center for Regenerative Medicine, 4Center for 

Investigation of Membrane Excitability Diseases, Center for Cardiovascular Research, Washington University in St. Louis  

Introduction: Intervertebral disc (IVD) degeneration is a major contributor to disability and the economic burden of 

musculoskeletal disease [1]. Decreased cellularity and altered phenotype in cells of the nucleus pulposus (NP) are some 

of the earliest changes observed with IVD degeneration. Biomaterial and/or cell supplementation to the NP has been 

widely explored for regeneration of the IVD.  While alginate has emerged as the default carrier for in vitro NP cell culture, 

“naked” alginate is lacking in functional extracellular matrix-derived ligands that are necessary to support cell survival 

and promote biosynthesis [3][4]. We have previously shown that materials functionalized with integrin or syndecan 

binding peptides can enhance biosynthetic activity for adult human NP cells [5]. Here, we hypothesized that co-

presentation of integrin and syndecan binding peptides (cyclic RGD and AG73, respectively) would promote expression 

of a more biosynthetically active NP phenotype as compared to unmodified alginate and to gels conjugated with only 

one peptide. 

Materials and Methods: Primary human adult NP cells were isolated from the NP region of to-be-discarded surgical 

tissue and used at passages 1-4 for all studies [5]. Alginate grafting to N-[(1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9-

ylmethyloxycarbonyl]-1,8-diamino-3,6-dioxaoctane (BCN-amine) and alginate grafting to maleimide were carried out 

as described previously [6][7]. Maleimide-alginate was grafted with AG73 (CGGRKRLQVQLSIRT) using maleimide-

thiol chemistry and BCN-alginate was grafted with Azido-cRGD (Cyclo[RGDFK(Azide)]) using strain-promoted azide–

alkyne cycloaddition. For 2D adhesion and phenotype studies, NP cells were seeded onto cRGD or AG73-coupled 

alginate or combination of the two peptides for either 24 hr or 7 days, fixed, and immunolabeled for the NP-markers, N-

Cadherin or BASP1, or adhesion marker, paxillin, and counterstained with phalloidin (F-actin) and DAPI (nuclei). For 

3D studies, NP cells were encapsulated in peptide-coupled alginate and cultured for either 7 or 21 days, then fixed and 

immunostained for the above NP phenotypic markers and for type II collagen and aggrecan. Functional NonCanonical 

Amino-acid Tagging (FUNCAT) was used to assess biosynthetic activity over a period of 7 or 21 days, starting at either 

day 3 or 17 [8]. Protein expression levels, along with paxillin rich focal adhesions and cell spreading were quantified 

using ImageJ.  

Results and Discussion: Encapsulation of primary NP 

cells in combination of cRGD- and AG73-alginate led to a 

high percentage of single cell entrapment in 3D, that was 

linked to an elevated accumulation of new extracellular 

matrix and expression of NP-specific protein markers after 

7 and 21 days of culture as compared to alginate alone and 

either peptide hydrogel at equimolar peptide density (Fig. 

1, [9]). While cells largely remained isolated as single cells 

in peptide functionalized alginate, the presentation of 

cRGD alone or in combination with AG73 appeared to 

support greater cell spreading in both 2D and 3D cell 

culture. Moreover, while cell morphology and cell-cell 

interactions are important in controlling NP cell biology, 

gross changes in either of these parameters do not appear 

to be required for NP cells to transduce adhesive signals into fate decisions, even those involving expression of a 

key receptor for cell-cell interactions, N-Cadherin.  

Conclusions: The present study affirmed the utility of cell encapsulation in alginate hydrogels yet illustrated the value 

of incorporating cell-adhesive peptides to promote cell viability, biosynthetic activity, and juvenile NP-specific 

phenotypes over that considered the gold standard in NP cell culture. In the future, these insights may be useful to 

rationally design hydrogels for NP cell-transplantation based therapies for IVD degeneration. 

References: [1] Urban J. Arthritis Res Ther. (2003). [2] Chiba K. Spine. (1997). [3] Huebsch N. Nature Materials. (2010). [4] 

Lee K. & Mooney D. Prog Polym Sci. (2012). [5] Barcellona M. Biomaterials. (2020). [6] Jain E. & Neal S. ACS Applied Bio 

Mater. (2021). (2010) [7] Madl C. Biomacromolecules. (2014). [8] McLeod C. & Mauck R. Sci Rep. (2016). [9] Tan X. 

Biomaterials. (2021). 

Figure 1. Combination of cRGD and AG73 peptides drives NP cells 

toward a more biosynthetically active state in 3D alginate culture. 

Quantification of ECM biosynthesis and matrix protein expression at 

Day 21. Error bars are ±SD, n ≥ 6 unique hydrogels from 3 human 

donors. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, using a 

one-way ANOVA with Tukey's multiple comparison's test. 
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