
 

i

v 

 

 

Micro-Viscoelastic Properties of the Human Conventional Outflow Pathway and Their 

Evolution in an Early Ocular-Hypertension Model 

by 

Tejank Pragnesh Shah 

Department of Biomedical Engineering 

Duke University 

 

Date:_______________________ 

Approved: 

 

___________________________ 

Stefan Zauscher, Advisor 

 

___________________________ 

Vasantha Rao 

 

___________________________ 

Brenton Hoffman 

 

___________________________ 

Fan Yuan 

 

___________________________ 

Christoph Schmidt 

 

Dissertation submitted in partial fulfillment of 

the requirements for the degree of Doctor 

of Philosophy in the Department of 

Biomedical Engineering in the Graduate School 

of Duke University 

 

2021 

 

 



 

i

v 

 

ABSTRACT 

Micro-Viscoelastic Properties of the Human Conventional Outflow Pathway and Their 

Evolution in an Early Ocular-Hypertension Model 

by 

Tejank Shah 

Department of Biomedical Engineering 

Duke University 

 

Date:_______________________ 

Approved: 

 

___________________________ 

Stefan Zauscher, Advisor 

 

___________________________ 

Vasantha Rao 

 

___________________________ 

Brenton Hoffman 

 

___________________________ 

Fan Yuan 

 

___________________________ 

Christoph Schmidt 

 

An abstract of a dissertation submitted in partial 

fulfillment of the requirements for the degree 

of Doctor of Philosophy in the Department of 

Biomedical Engineering in the Graduate School of 

Duke University 

2021 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright by 

Tejank Shah 

2021 

 



 

 

iv 

Abstract 

Primary OAG (POAG) is the second leading cause of irreversible blindness in the US 

and its prevalence is expected to worsen in the coming years. Major pathological 

changes have been attributed to the Juxtacanicular Tissue (JCT) and Inner Wall (IW) of 

Schlemm’s Canal (SC) within the human conventional outflow pathway. Biological 

tissues like the JCT/IW are viscoelastic in nature with both intra-cellular and extra-

cellular mechanisms by which to store and dissipate applied forces. How these events 

contribute towards regulation of the local mechanobiology in the dynamic reciprocity 

between cells, their extracellular matrix (ECM), and in ultimately regulating outflow 

resistance, is poorly understood.  Furthermore, the viscoelastic properties of the human 

trabecular meshwork (hTM) tissue are poorly understood. As a first step to develop 

more insight into the role of viscoelasticity, it was our goal to determine the localized 

dynamic mechanical properties of different regions of the hTM as a function of 

dexamethasone treatment. To explore the viscoelastic properties of the different tissue 

regions in the hTM comprising the hTM, we applied our co-located AFM-based 

rheometer/CLSM method to frontal sections of hTM under control and early ocular 

hypertensive conditions across a broad frequency range (1 Hz-1 kHz). We specifically 

considered the storage and loss moduli in the ocular pulse-relevant frequency range (1-

10 Hz) and their changes across regions under dex treatment for two donors.
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1. Introduction 

1.1. Primary Open Angle Glaucoma 

Primary open angle glaucoma (POAG) is the second leading cause of irreversible 

blindness in the US and its prevalence expected to worsen over the coming years. It is 

predicted that from 2020 to 2040, the number of people afflicted with POAG in the US 

will rise from 3.52 to 4.24 million [1]. POAG is caused by an undue increase in 

intraocular pressure (IOP), arising from a build-up of fluid within the eye that can 

damage the optic nerve, leading to irreversible blindness [2]. This increased IOP is 

thought to arise from increased resistance to aqueous humor outflow within the 

juxtacanalicular tissue (JCT) and inner wall (IW) of Schlemm's canal (SC) in the 

conventional outflow pathway [3].  

1.2. Steroid-induced ocular hypertension and Glaucoma 

An abnormally high level of IOP prior to irreversible vision loss is known as 

ocular hypertension [4]. Ocular hypertension can be induced by corticosteroids, a 

common class of anti-inflammatory drugs  [4]. A specific class of corticosteroids, i.e., 

glucocorticoids (GCs), are released in response to stress to regulate a natural feedback 

mechanism that turns down the inflammatory response [4]. Elevation of IOP due to 

glucocorticoid use in the eye is called steroid-induced ocular hypertension [4]. If IOP 

elevation is sufficiently large and is not treated, glaucomatous optic neuropathy can 

develop which is called steroid induced glaucoma [4]. Treatment with glucocorticoids, 
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such as dexamethasone (dex), in the eye causes elevated IOP in predisposed individuals 

[4]. Approximately 40% of the normal population develops an IOP increase > 6 mm Hg 

above baseline following topical administration of GCs, 4 times a day for 4 to 6 weeks 

[4]. When GCs are administered intravitreally, IOP may increase by more than 30% in 

up to half of patients. These individuals are called “steroid responders” [4].  

Glucocorticoids can disrupt the normal mechanical homeostatic mechanisms 

between cells and their ECM and can interact with cells by diffusing through their 

plasma membrane and binding to intracellular receptors. This binding initiates signaling 

cascades and ultimately affects expression of hundreds of genes, including those 

responsible for expression of ECM proteins and for expression of enzymes that degrade 

and cross-link ECM proteins. In steroid-induced glaucoma, an excess of ECM proteins 

and a deficit of remodeling enzymes are found and are correlated with decreased 

outflow facility [4]. 

1.3. Treatment by Rho kinase inhibition 

It has been shown that the Rho GTPase/Rho kinase pathway can relax overly 

contractile trabecular tissues typically observed in open angle glaucoma [5, 6]. As such, 

the inhibition of the Rho kinase pathway can dramatically reduce elevated intraocular 

pressure [6, 7]. Additional roles have since been attributed to the Rho/Rho pathway by 

the Rao group at Duke University [7]. These include: 1) Sustained RhoA activation 

shows dramatic reduction in outflow facility by upregulating ECM production. 
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Upregulated ECM production also partly triggers the resistance of aqueous humor 

outflow by sustaining RhoA activation in a feedback response [6]. 2) Human TM cells 

sense contractile forces from actomyosin and induce ECM synthesis/assembly [8]. ECM 

assembly/rigidity influences actomyosin contraction via Rho GTPase activation and α-

SMA expression to maintain a bidirectional balance between cell-induced contractile 

tension and ECM mechanical force [8]. 3) Activation of Rho GTPase signaling in hTM 

cells leads to changes in cell plasticity, myofibroblast generation/activation and 

fibrogenic activity via heightened contractile mechanosensitive signaling and 

transcriptional activity [9]. Rho kinase inhibitors also prevent/suppress fibrogenic 

activity by decreased cell tension [9]. 4) Elevations in IOP induces Rho GTPase signaling 

in the TM, highlighting Rho GTPase as a mechanosensitive signaling pathway during 

outflow facility [10]. Overall, Rho/Rho-mediated changes to the interactions between the 

extracellular environment and the resident hTM cells are thought to change the 

biomechanics of the tissue and thus ultimately regulate outflow facility.  

Some Rho kinase inhibitors already have been clinically approved [7]. These 

include for sole use (Ripasudil in Japan or, Netarsudil (Rhopressa) in the US), and also 

include combination treatment with latanoprost (Rocklatan). These are the only 

currently approved medications that directly lower intraocular pressure by acting on the 

pathological mechanisms of the trabecular meshwork [7]. These rho kinase inhibitors are 

also currently used as “gold standards” to which new therapeutics are compared. 
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Finally, these inhibitors also serve as important controls through which new 

mechanisms governing outflow facility are discovered.  

1.4. Segmental variability 

Outflow facility around the circumference of the eye is not uniform [11]. This 

segmental variability of flow has been identified by several groups using perfusion of 

tracer particles and fluorescent dyes [11-13]. Reported implications of segmentally 

variable flow regions within the outflow region include the choice of location where 

trabecular stents are placed circumferentially within the eye, the relative sensitivity of 

circumferential locations to uptake drugs, and changes in relative shear forces 

experienced along the circumference of the eye [11-13].  

Key findings over recent years are: 1) Glaucomatous eyes have more low flow 

regions than normal eyes, with distinctive molecular differences between high and low 

flow regions [14]. 2) High flow regions appear relatively softer than low flow regions 

[15]. 3) Changes to the ratios of versican splice variants are induced by mechanical 

stretch and TGF-B treatment [16, 17], and 4) total levels of versican correlate inversely 

with regions of flow [18]. Specifically, low total levels of versican are found in regions 

exhibiting high flow and conversely high total levels of versican are found in regions 

exhibiting low flow. Overall, segmental variability has emerged as an important 

regulator of whole tissue outflow facility and is partially responsible for 

circumferentially variable biomechanics. 
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1.5. Localizing areas that generate and magnify outflow 
resistance 

While targeting the Rho GTPase/Rho kinase pathway has had clinical success, 

research continues to find additional specific targets for therapeutic intervention. This 

research has primarily converged into two schools of thought, predicated on where 

outflow resistance is initially generated and later magnified within the tissue. Resistance 

is initially generated within the tortuous fluid flow pathways of the JCT, adjacent to the 

IW, and has been thoroughly investigated by several groups [19-24]. Outflow resistance 

is magnified by the funneling effect at the inner wall of Schlemm's canal and has also 

been thoroughly investigated by several groups [12, 25-28]. Furthermore, the Rho 

GTPase/Rho kinase pathway has been shown to modulate outflow facility in both the 

JCT and IW [7].  

Identifying the mechanisms responsible for the initial generation of outflow 

resistance and identifying the mechanisms responsible for the later magnification of 

outflow resistance have been the two ultimate goals for these two schools of thought. 

Next, we discuss some recent research developments in both schools of thought.  

1.5.1. Targeting the IW of SC 

Over the past two decades, the research groups interested in targeting the IW of 

SC have demonstrated 1) that the pore density of the IW of SC modulates the magnitude 

of outflow resistance via a funneling effect, 2) that the funneling effect is dependent 

upon the mechanical tethering between the IW and JCT, and 3) that segmental flow is 
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observed along the circumferential length of the tissue [12]. Recent studies have largely 

built upon these findings in the following key studies.  

Specifically, the combination of OCT and inverse FEM has emerged as a 

promising development tool to investigate the biomechanics of the outflow pathway in 

mouse models. This combination measures both morphological changes in the 

conventional outflow pathway and the spatially averaged material properties of the 

resistance-generating tissues. For example, Li et al. have applied this combination to 

compare the effects of treatment (netarsudil, dexamethasone) on mechanics and facility 

in vivo [29, 30].  

Sherwood et al. recently developed a lumped parameter model of the whole eye  

to describe flow through the human conventional outflow pathway while accounting for 

ocular pulse [31] . The group was interested in understanding how the amplitude of 

oscillatory strain of the TM and the resulting shear stress in the Schlemm's canal 

depends on outflow resistance and intraocular pressure within the context of IOP 

homeostasis. They showed that the model-determined magnitudes of TM strain and SC 

shear stress are large enough to stimulate the release of several local mediators that 

regulate outflow resistance. Furthermore, they showed that TM strain and SC shear 

stress are sensitive to the values of resistance of the JCT/IW, giving the outflow pathway 

a dynamic sensing capability. According to Sherwood et al., increased stiffness of the TM 

reduces the sensitivity of the TM strain and SC shear to outflow resistance and IOP.  
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Recently, Vahabikashi et al. sought to determine precisely, by measuring local 

changes in stiffness by AFM, where, in the vicinity of the JCT/IW of SC, the site of 

outflow resistance is [32]. By using an AFM mounted on an inverted microscope, they 

were able to visualize the location of indentation, relative to the open space of 

Schlemm's canal, and thus correlate distance from the IW with changes in stiffness. They 

measured different distances away from the IW by indenting the IW en-face with probes 

of different radii to indent to different depths, and thus distances away from the IW. 

They found that there was an increase in stiffness within about one micrometer away 

from the IW of Schlemm's canal endothelium. Furthermore, they found that the size and 

density of giant vacuoles to be similar in normal and glaucomatous eyes when perfused 

at the same IOP. Vahabikashi et al. argued that their observations suggest that 

glaucomatous eyes have increased flow resistance in the immediate vicinity of the IW of 

Schlemm's canal where the vacuoles form.  

More recently, Patel et al. performed a single-cell transcriptomics study to 

differentiate the types of cell clusters found in the conventional outflow pathway [33]. 

To this end, they identified 12 distinct cell types, which they used to perform follow-up 

cluster-specific studies. They found vascular and lymphatic markers that specifically 

identified the Schlemm's canal. They also demonstrated that the clusters for the TM 

were split further into two broad clusters. Altogether, Patel et al. argued that cell 
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specificity must lie within the Schlemm's canal rather than the other cells comprising the 

outflow pathway.  

1.5.2. Targeting the JCT within the vicinity of IW SC 

The relevance of the JCT lies within its ability to initially generate outflow 

resistance [19]. Key findings from the groups within this field have shown that 1) 

manipulation of GAGs and proteoglycans dramatically influences intraocular pressure, 

2) turnover of ECM is responsible for corrections to IOP in normal homeostasis, 3) 

changes in levels of versican, MMPs, and ADAMTs regulate outflow resistance, and 4) 

that segmental variability is observed along the circumference of the eye. This school of 

thought has also recently developed an in-vitro method to generate cell-derived matrices 

which provide convenient substrates to further study the roles of ECM in open angle 

glaucoma.  

Recently, these groups also postulated that cells of the JCT manipulate the 

concentration and location of versican within the discontinuities of the IW of SC to 

ultimately generate outflow facility [19]. As of 2020, GAGs of the JCT within one 

micrometer of the IW are believed to generate significant outflow resistance and are a 

major source of investigation [19].  
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1.6. Motivation and methods for investigating viscoelasticity of 
the hTM 

Existing phenomenological models are not mechanistically descriptive of 

extracellular force transmission pathways in the JCT/IW and UCM. Furthermore, the 

modulation of extracellular force transmission pathways by ocular hypertension, rho 

kinase inhibition, and segmental variability is presently not understood. Given 1) the 

limited variety of cells within the outer TM, 2) the rich extracellular structures detailed 

within the JCT area adjacent to the IW, and 3) the segmental variability, we believe that 

variations in extracellular force transmission are responsible for generating different 

functions in otherwise genetically self-similar cells that comprise the JCT/IW tissues. 

While the molecular biology regulating the differences in the structural and 

compositional aspects of the extracellular matrix have been investigated, the 

microstructural mechanisms of the extracellular matrix responsible for force 

transmission and their responses to applied deformation have not been mechanistically 

investigated to date.  

By investigating the microstructural mechanisms of the ECM responsible for the 

observed values of stiffness, novel extracellular micro-structural mechanisms that 

regulate force transmission pathways responsible for governing outflow facility within 

the JCT/IW tissues will be revealed.  

Theories that describe the microstructural mechanisms of biological polymer 

networks are well established in the field of polymer physics [34]. Specifically, semi-
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flexible polymer network theories have been developed, and continue to be advanced, to 

understand how the organization of individual filaments into a network ultimately 

generates viscoelastic responses observed across both intra- and extra-cellular 

biopolymer networks in nature [34].  

Micro-rheological tools have been critical for revealing these micro-structural 

mechanisms by monitoring changes in the shear modulus of biopolymer networks as a 

function of applied strain and frequency [34, 35]. Additionally, changes in the 

concentration of the individual filaments that comprise the network and their effects on 

the viscoelastic response are also well described by theory and experiment [36]. 

Generally, these micro-rheological tools operate either in a passive or active format. In a 

passive micro-rheometer, Brownian motions of tracer particles in contact with the 

network under study are monitored and fluctuations are ultimately translated into 

dynamic moduli using the generalized Stokes-Einstein equation that describe networks 

at equilibrium [34]. In an active micro-rheometer, tracer particle oscillations are induced 

by external stimuli and the changes in tracer particle displacement are monitored and 

then used to calculate a dynamic modulus, using theories that describe networks driven 

away from equilibrium [34].  

For example, micro-rheological tools have enabled others to discover a consensus 

picture for the otherwise disparately reported mechanics of mammalian cells [37]. 

Convergence of disparate results in biomechanics and mechanobiology further 
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emphasize the relevance of micro-rheological tools and the development of semi-flexible 

polymer network theories in understanding force transmission and network dynamics.  

Furthermore, the interplay between the dynamics of the extracellular matrix and 

the dynamics of the cell cytoskeleton is a general ongoing area of interest. The effects of 

ECM viscoelasticity on cellular behavior promotes behaviors not otherwise observed in 

elastic hydrogels in both two- and three-dimensional culture microenvironments [38]. 

For example, a custom optical tweezer set-up was used to measure the changes in 

viscoelastic coefficients of the cytoskeleton, adjacent ECM, and distant ECM in one 

culture system [39]. This technique was applied across 5 cell lines in 2 ECMs subjected to 

4 cytoskeletal drug treatments at 2 time points. It was ultimately found in these studies 

that tumor cells are mechanically plastic to adapt to distinct micro-environments.  

Similarly, Atomic Force Microscopy (AFM) is a popular tool for the investigation 

of trabecular meshwork tissue mechanics [12, 19]. Given AFM’s ability to probe across 

and deep within the trabecular meshwork, we chose to implement a stage with wide 

excitation bandwidth in conjunction with AFM to characterize the viscoelastic response 

of tissues to actively applied stresses and strains under physiologically relevant 

conditions.  

 



 

12 

1.7. Specific Aims  

We anticipate that changes in in the static and dynamic viscoelasticity in 

different regions of the hTM may serve as early indicators of progression of ocular 

hypertension and POAG. As a first step to develop more insight, it was our objective to 

measure the localized dynamic mechanical properties of different regions of the hTM. 

To accomplish this objective, we pursue the following three specific aims (SAs): 

SA 1: Development of a Human-Tissue Based Model of Early Ocular 

Hypertension.  

Rationale: How ocular hypertension results in changes in the microstructure at 

early time-points is unclear. We hypothesized that microstructural mechanical 

properties could serve as early indicators of POAG.  Ocular hypertension is an 

established effector of pathways responsible for the progression of POAG. 

Dexamethasone tends to increase the stiffness of human trabecular meshwork tissues.  

Approach: To determine changes in micro-structural stiffness in an early ocular 

hypertension model, we first developed a method to 1) co-locate regions of tissue 

probed by Atomic Force Microscopy with Confocal Laser Scanning Microscopy and then 

applied this method to 2) determine the changes in anatomy-specific (scleral, JCT/IW, 

UCM) stiffness of the outflow pathway as a function of dexamethasone treatment. 

Tissues were procured by the Rao lab and organ culture was performed using the Eye 

Center Shared Culture and Imaging facilities. AFM measurements were conducted in 
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the Zauscher Lab. We also considered finite geometry effects on our interpretation of 

Hertzian stiffness in a follow-up coarse-grained finite element study using FeBioStudio.  

SA 2: Validation of an AFM-based Micro-Rheometer to Characterize 

Viscoelasticity in Model Gels 

Rationale: A wide frequency bandwidth is needed to describe the relationships 

between stress and strain mathematically and uniquely for cells and cellular-related 

materials [50]. To obtain a wide frequency estimation of the relaxation spectra of the 

trabecular meshwork, we developed a nano/micro-rheological platform to be used in 

conjunction with commercially available atomic force microscopes, in consultation with 

Dr. Hadi Nia at Boston University.  

Approach: To ensure reliable operation under the desired operating frequency 

range for tissue studies, we first characterized the system frequency response under 

variable: 1) applied voltages to the secondary piezo, 2) applied voltages to the primary 

piezo, 3) sample thickness (0.170 µm vs. 1 mm), and 4) stage composition (steel vs. 

aluminum). With the calibration of our stage in place, we then validated our technique 

using power law rheology to describe model polymeric cross-linked substrates, 

polyacrylamide (PA) and polydimethylsiloxane (PDMS). 

SA 3: Evaluation of Viscoelastic Changes in an Early Ocular Hypertensive Model 

Rationale: Biological tissues like the JCT/IW and UCM are viscoelastic in nature 

with both intra-cellular and extra-cellular mechanisms by which to store and dissipate 
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applied forces. However, to date, the micro-viscoelastic properties of the human 

trabecular meshwork tissue are poorly understood. 

Approach: To understand the viscoelastic properties of the human trabecular 

meshwork tissue, we apply a custom AFM-based active micro-rheometer capable of 

indentation frequency sweeps from 1 Hz to 10 kHz (SA 2) to frontal sections of human 

trabecular meshwork under healthy and early ocular hypertensive conditions (SA 1). 

We also discuss the storage and loss modulus curves for each region under treatment for 

a frequency domain of relevance to ocular pulse (1-10 Hz). 

Overall, we developed an early ocular hypertension model that showed 

significant elevations in stiffness in the outer TM (SA 1). We engineered a custom broad-

bandwidth AFM-based micro-rheometer, which successfully retained X-Y nano-

positioning functions originally native to our AFM, and successfully validated its use on 

model PA and PDMS gels using independent measures of moduli from static and 

dynamic indentations. (SA 2). Finally, we found that the frequency-dependent stiffness 

of the outer TM was also significantly elevated in an early ocular hypertension model 

(SA 3). We provide rheological characterization of the human conventional outflow 

pathway, including those storage and loss moduli at relevant ocular pulse frequencies 

(1-10 Hz). Our study represents the first AFM-based rheological investigation of the 

human trabecular meshwork.  
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1.8. Organization of the dissertation  

Our development of an early ocular hypertension model using discarded human 

corneoscleral rims (SA 1) is discussed in Chapter 2. Our custom-built Atomic Force 

Microscopy-based rheometer is characterized and validated (SA 2) in Chapter 3. Finally, 

the application of our custom-built rheometer towards our early ocular hypertension 

model (SA 3) is discussed in Chapter 4. 
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2. Development of a human-tissue based model of early 
ocular hypertension 

Ocular hypertension is an established effector of pathways responsible for the 

progression of Primary Open-Angle Glaucoma (POAG). Dexamethasone treatment is 

used as a model of ocular hypertension and tends to increase the stiffness of human 

trabecular meshwork tissues. We wished to know whether microstructural mechanical 

properties could serve as early indicators of POAG. To this end we developed an early 

ocular hypertension model, using dexamethasone treatment of donor rim tissues to 

induce microstructural tissue changes. 

To determine changes in micro-structural stiffness in an early ocular 

hypertension model, we first developed a method to 1) co-locate broad regions of tissue 

probed by Atomic Force Microscopy (AFM) with Confocal Laser Scanning Microscopy 

(CLSM) and then applied this method to 2) determine the changes in anatomy-specific 

(sclera, juxtacanalicular/inner wall (JCT/IW), uveal/corneoscleral meshwork (UCM)) 

stiffness as a function of dexamethasone treatment. We also considered finite geometry 

effects on our interpretation of Hertzian stiffness in a follow-up finite element study 

using FeBioStudio.  
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2.1. Micro-surgery and treatment of human trabecular meshwork 
tissues from cadaveric corneoscleral rims 

2.1.1. Micro-surgery of rims 

Fresh corneoscleral rims, from donor patients ranging in age from 19 to 68, were 

obtained from the Duke Ophthalmology clinical service through the BioSight Shared 

Resources program in collaboration with the Rao lab [40]. Rims were received stored in 

Optisol corneal storage medium. These rims were checked to confirm that no reported 

history of eye medication or ocular disorders were present. To remove loosely attached 

debris, scleral areas far away from the TM were scraped with the sharp end of a surgical 

blade while scleral areas near the TM were scraped with the dull end of the surgical 

blade, and finally rinsed in PBS [41]. Rims were subsequently cut into quadrants and 

each quadrant was then split into thirds (Figs. 1A-C).  
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Figure 1: Images of the dissection procedure used to generate and mount frontal 

orientations of tissues. (A) Corneoscleral rim obtained from Rao lab and BioSight. (B) A 

single rim was split into four quadrants. (C) Each quadrant was then split into thirds. 

(D) Excess sclera and cornea were removed to generate a ~2 mm in distance from the 

sclera to the residual Schwalbe’s line. (E) Frontal section generated after careful micro-

tome blade cut revealing exposed hTM and sclera.  

Finally, each wedge was then carefully placed into a multiwell plate containing 

stationary organ culture media (High glucose DMEM, 1% FBS, 1% PSG, 0.025% BSA, 

credit: Fiona McDonnell, Stamer Lab) at 37oC, 5% CO2 for 24 hours prior to treatments to 

recover from post-mortem effects.  

2.1.2. Treatment schedule for early model of ocular hypertension 

 Wedges were split into control and dexamethasone pairs (Fig. 2A).  
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Figure 2: Experimental design for AFM investigation of frontally oriented and 

dex-treated hTM tissue samples. (A) Two donors were used for this study and one rim 

per donor was split into a total of twelve wedges, where six wedges served as control 

and the remaining six wedges served as substrates for dex treatment. After daily 

treatment of 1000 nM Dex/EtOH for 96 hours, wedges were then processed into frontal 

orientations with exposed hTM away from the glass surface. (B) Frontal sections were 

probed from the edge of the outer TM towards the center of the sclera at location 

separations of at least a cantilever width, indicated by the red dashed square. For each 

location probed, three spots were collected, where a single spot refers to an AFM 

stiffness measurement collected at three indentation depths, using a tip radius of 16.25 

µm. 

A treatment schedule consisted of 24 hour serum starvation, followed by daily 

treatment of vehicle control (ethanol) and 1000 nM Dex/EtOH for 4 days in serum-free 

organ culture media. The treatment schedule for single pairs was staggered every other 

day to facilitate subsequent AFM and confocal measurements. After 24h had passed 

from the last treatment, a pair of wedges was removed from the multiwell plate, rinsed, 

and stored in PBS in Eppendorf vials. Samples were then transported to a sterile 
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dissection hood. In all cases, a fresh single edge microtome blade was used once and 

then discarded to facilitate clean dissection of the desired wedges. All handling was 

done under the dissection microscope in a sterile laminar flow hood. Approximately 

rectangular wedges were cut from the triangular wedges by carefully removing slivers 

of excess sclera from the wedge of interest (Figs. 1C-D). To ensure sufficient sample 

height for mounting in the AFM, excess cornea and sclera were removed, in that order 

(Fig. 1D). Finally, the pigmented TM was identified and the blade oriented 

perpendicular to this surface prior to cutting. We note that the thickness of the micro-

tome knife edge is approximately the same length as the long axis of the Schlemm's 

canal. Thus, the blade was then offset from the center of the width of the pigmented TM 

towards the scleral side of the tissue to generate a scleral frontal half and a corneal 

frontal half (Figs. 1D-E, Fig. 3C).  
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Figure 3: Orientations of the hTM: (A) En-face (B) Transverse and (C) Frontal. 

Laminin is colored magenta. Fibronectin is colored green. DAPI is colored blue. Second 

row: left panel from [49]; middle/right panel from [50]. 

2.1.3. Mounting treated rims for co-located AFM/CLSM 

Samples were adhered to the substrate using cyanoacrylate adhesive. Briefly, we 

first placed a drop of adhesive into a sterile plastic dish, and then we “inked” glass 

micro-pipettes by dipping their fine-tipped ends into the adhesive drop. In this process 

small droplets formed along the edge of the micro-pipette and allowed us to transfer 

adhesive in several lines onto the glass coverslip surface to ensure robust adhesion of the 

tissue to the glass substrate surface. Immediately after preparing the adhesive lines, we 

used a pair of tweezers to gently lift the frontal halves of the hTM tissue samples onto 

the adhesive-coated glass coverslips.  
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To ensure that the sample perimeter did not deform throughout the subsequent 

handling and measurement steps, we imaged the mounted tissue samples with light 

microscopy in multiwell plates containing PBS. The focal plane was adjusted to the 

pigmented hTM edge in anticipation of confocal and AFM imaging. Images were 

collected after tissue mounting, after AFM measurements, and after overnight fixing 

prior to confocal measurements. We overlaid and compared these images to ensure that 

no permanent deformations have occurred that would preclude our ability to correlate 

AFM and confocal measurements across regions of the outflow pathway.  

2.2. Co-locating AFM with CLSM  

2.2.1. AFM 

Light microscopy images from the video camera built into the AFM head were 

collected (Asylum Research V13) from several locations over the tissue surface and 

stitched together into one composite image. The focal plane was then adjusted to the 

plane of the cantilever. Magnified images of the cantilever were also collected and 

stitched to serve as an intrinsic scale bar. For AFM measurements, the cantilever was 

engaged with the sample surface at a low force set-point and then withdrawn. Without 

adjusting the previous focal plane, several photos of the image with cantilever in the 

field of view were collected. By comparing the stitched images of the sample surface 

without the AFM cantilever and stitched images of the sample surface with the AFM 

cantilever, we were able to pinpoint where AFM measurements were acquired on the 
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tissue surface. In combination with later CLSM, these magnified AFM images served as 

references for high magnification images from CLSM. We show an example of this 

procedure here using a model gelatin sample (Fig. 4) and a frontal section of tissue (Fig. 

5). The residual, permanent indentation in the shape of a triangle can be seen in the 

middle row of Figure 4B.  

A B

 

Figure 4: Identifying co-located areas across AFM and CLSM on gelatin. (A) 

Edge of razor blade as collected by several images using the AFM head camera and by 

auto-fluorescence imaging using CLSM. Dashed white boxes indicate selected areas to 

be co-located by AFM and confocal. (B) Close-up of regions highlighted in (A) with 

smaller dashed white boxes indicating close-ups of the cantilever width withdrawn from 

the sample surface. A series of indentations are shown in the middle row, revealing a 

residual, triangularly-shaped plastic indentation in the subsequent confocal image. 
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Figure 5: Co-located images of edge features in frontally prepared sample across 

(A) Atomic Force Microscopy, (B) Light microscopy, (C) CLSM (green: Col Type VI, 

yellow: Hoechst). (D) Common edge feature highlighted by red dashed box used in later 

manual alignment of images for generation of circular masks. 
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2.2.2. Confocal laser scanning microscopy 

Immediately after AFM measurements, samples were fixed in 4% formaldehyde 

and stored overnight at 4 oC. The following morning, samples were rinsed and immuno-

stained against primary mouse anti-collagen type VI, rabbit anti-laminin, and goat anti-

versican. These primary antibodies were detected with secondary antibodies: goat anti-

rabbit 647, rabbit anti-goat 568, and goat anti-mouse 488. These samples were then 

counterstained with Hoechst 33342. All antibodies were provided by the Rao lab. 

Stained samples were imaged with confocal laser scanning microscopy (Nikon 90i 

Zdrive). Several z-stack series were collected at 4x and 10x magnification along the area 

of prior indentation and then collapsed by maximal fluorescence intensity into a single 

image. Samples were kept hydrated in PBS throughout the confocal measurements.  

2.2.3. Co-locating AFM with CLSM 

The co-location of stiffness and local structure between AFM and confocal 

microscopy enables comparison of stiffness-structure trends across treatments. This 

process is summarized in Figure 6.  
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Figure 6: Mask generation and read-out of fluorescence intensity in areas probed 

by AFM. (A) Original red image of versican stained tissue. (B) Mask containing 

co-located areas of AFM measurement and scaled to dimensions of original 

confocal image. Additional equivalently sized masks are collected outside of the 

sample for later back-ground correction. (C) Result of mask addition revealing 

spots of fluorescence intensity of regions previously probed by AFM. (D) Results 

of co-locating across all four color channels imaged in this study. 

 

To identify the local fluorescence intensity co-located with the area of AFM 

measurement, we generated masks from the overlaid AFM and confocal images and 

loaded these into Fiji (ImageJ) along with the original confocal file. We chose a mask 

diameter equivalent to the maximal contact diameter associated with the spherical 

indenter used in our AFM measurements. We also selected several circular masks in the 

background to account for background fluorescence. We then used image addition to 

ensure that all areas outside of the circular masks were set to white while all areas 

within the circular masks retained their original intensity values. Using the 
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measurement tool within Fiji, we recorded the background corrected mean and standard 

deviation of the intensity values contained within these regions of interest. We then re-

grouped these recorded data by regions (i.e., sclera, JCT/IW, and UCM) and calculated a 

new mean and standard deviation for each tissue region.  

While we did not find conclusive effects of dexamethasone on laminin 

fluorescence intensity (i.e., dex-induced ECM protein expression), our co-locating 

method overcame the inability to correlate AFM measurements with anatomies 

comprising the conventional outflow pathway. Based on preliminary data, we 

anticipated that a longer duration of dexamethasone treatment will result in more 

significant changes in the ECM, that also show as differences in the fluorescence signal. 

However, a long-term treatment and associated AFM indentation and CLSM will be the 

focus of future studies (Appendix). 

2.3. Finite element estimations of errors in Hertz-derived 
estimates of stiffness from non-ideal geometries 

In our determination of Young’s modulus from indentation measurements, we 

assumed that an infinite elastic half plane is present across all regions of tissues probed 

by AFM. However, these regional areas had finite dimensions which could preclude the 

direct comparison of the measured mechanical properties across the different tissue 

regions. To estimate the error associated in our interpretation of Young’s modulus, we 

performed a coarse-grained finite element study using FeBioStudio. To this end, we 

generated the model and mesh using gmsh and imported these meshed models into 
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FeBioStudio. For the FEM analysis, we varied the position of indentation of a rigid 

spherical indenter as a function of distance away from tissue edges. We then fitted these 

simulated force-displacement curves with the Hertz model to estimate a Young’s 

modulus. Finally, we plotted these Young’s moduli as a function of position across the 

wedge, starting from the center of the sclera and ending with the UCM (Figs. 7, 8). This 

procedure (detailed below) allowed us to determine how error-prone our assumption of 

infinite sample dimensions was.  
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Figure 7: Geometry effects on spherical indentation. (A) Finite, tissue 

representation of experimental indentation modeled as function of position. (B) 

Individual simulated F-δ curves are fit to a simple Hertz model and then Young’s 

modulus is recorded as a function of position probed across the finite geometry. 
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Figure 8: Coarse finite element results of geometry effects on spherical 

indentation. (A) Two representative FEM results of indentation with effective stress 

distribution due to prescribed indenter displacement of 5 µm (B) Results of Young’s 

modulus as a function of position. 

First, we defined the geometry of the indenter and tissue sample. The indenter 

was modeled as a sphere with a radius of 16.25 µm. Sample dimensions across treatment 

groups were similar, so we chose to idealize all sample geometries using median values 

for the height of the sample, depth of the lumen, and widths of the TM, lumen, and 

sclera in these frontal sections studied. Namely, the widths of the TM, lumen, and sclera 

used were 170, 35, and 630 µm, respectively. The length of the sample was 2 mm, the 

depth of the lumen was 50 µm, and the overall tissue thickness was taken as 1 mm.  

Second, we defined a coarse mesh for our indenter and tissue sample. In our 

coarse-grained finite element model (Fig. 8), we applied a mesh composed of tet4 

elements to adequately fill the volume of the solid body defined previously in gmsh.  As 

the indenter was modeled as a rigid indenter, we coarsely meshed the tip geometry.  
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Third, we assigned a neo-Hookean material to the sample using a modulus of 10 

kPa and Poisson's ratio of 0.499.  

Fourth, we applied constraints and boundary conditions to our indenter and 

sample. The edge coinciding with the axis of symmetry was fixed in both x and y 

directions. The bottom of the sample wedge was fixed in z for displacement. A 

symmetry plane was applied to one wall of the sample geometry to account for the 1/2 

symmetry of the sample geometry. Two rigid constraints were applied to the indenter: 

First, the displacement was fixed in all directions except for z. The displacement was 

fixed in all rotations. Second, the displacement in the z direction was prescribed to be 5 

µm to simulate the experimental indentation experiments performed in AFM. We 

applied a sliding elastic contact algorithm to model the contact between the indenter and 

sample. In this algorithm, we enabled augmented Lagrangian and auto-penalty 

functionalities. Finally, we applied a static analysis type prior to running the finite 

element model.  

Overall, we found that the apparent Young’s modulus varied by several 

kilopascals across the tissue width due to edge effects. Relative to the differences due to 

treatment, we generally consider these geometry-dependent effects to not change the 

conclusions for the effect of treatment on a specific region. However, these position-

dependent effects suggest that a direct, quantitative comparison of the measured, 

apparent Young’s moduli across tissue regions within a treatment group is not possible.  
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We anticipate that incorporation of more complex constitutive laws (e.g., for transverse 

isotropic materials) will not change these results 

2.4. Effect of treatment on anatomy-specific stiffness 

Using a Shapiro-Wilk test we first tested if our Young’s moduli datasets were 

normally distributed. Our analysis failed to reject the null hypothesis, even for log 

transformed Young’s moduli data, and we thus concluded our datasets were non-

normally distributed. We then decided to carry out non-parametric statistics to check for 

systematic differences in treatment groups across specific tissue regions (Table 1). 

Specifically, we carried out a Mann-Whitney U Test (α = 0.05) using JMP software to 

check for differences in Young’s modulus due to dexamethasone treatment within 1) the 

UCM, 2) the JCT/IW, and 3) the sclera across two donors (Table 1). 

Table 1: Tabulated Summary Statistics of effect of dex on E across different tissue 

regions for two donors from Mann-Whitney U tests. Bolded probability values indicate 

statistically significant differences. 

Tissue Region Descriptive Statistics Donor 1 Donor 2 

Ctl Dex Ctl Dex 

UCM 

n 27 36 51 54 

Score mean 18.8148 41.8889 33.4314 71.4815 

Prob p<0.0001 p<0.0001 

JCT/IW 

n 33 24 30 30 

Score  30.1515 27.4167 28.2000 32.8000 

Prob p~0.5391 p~0.3077 

Scleral 

n 54 63 54 36 

Score 45.5185 70.5556 57.3333 27.7500 

Prob p<0.0001 p<0.0001 
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We tested for systematic differences in the Young’s modulus in the different 

regions of the TM tissue samples as a function of dexamethasone treatment across two 

donors (Fig. 9).  
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Figure 9: Effect of dexamethasone treatment on E in two separate donors across 

(A) Sclera, (B) JCT/IW and (C) UCM. Statistically significant differences are labeled as *. 

First, we examined the UCM region and found that for donor 1 there was a 

statistically significant difference between ctl (n = 27) and dex (n = 36) groups (p<0.0001). 

For donor 2 there was a statistically significant difference between ctl (n = 51) and dex 

(n=54) groups (p<0.0001).  
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Next, we tested for systematic differences in Young’s modulus for the JCT/IW 

region. Neither for donor 1 nor for donor 2 did we find a statistically significant 

difference between ctl (donor 1 n = 33; donor 2 n = 30) and dex (donor 1 n = 30; donor 2 n 

= 24) groups.  

Finally, we tested for systematic differences in the Young’s modulus for the 

scleral region. For both donor 1 and donor 2, there was a statistically significant 

difference between ctl (donor 1 n = 54; donor 2 n = 54) and dex (donor 1 n = 63; donor 2 n 

= 36) (p<0.0001). However, the results from donor 1 were not reproducible for donor 2. 

In summary, we found that dex treatment shifted the stiffness of the UCM up 

relative to the control-treated UCM tissues reproducibly across two donors.  

2.5. Conclusions 

For our model of early ocular hypertension, we found that dexamethasone had a 

systematic and statistically significant effect on the stiffness of the UCM in both donors 1 

and 2. Furthermore, we found that our short-term dexamethasone treatment had a 

statistically insignificant effect on the stiffness of the JCT/IW in both donors 1 and 2. 

Finally, while dexamethasone had statistically significant effects on the stiffness of 

sclera, it showed opposite trends from donor 1 to donor 2.  

The outer TM static stiffness is reproducibly elevated in our model of early 

ocular hypertension across two donors. We find that the measured stiffness values in the 

kilopascal range agree with those reported in the literature for the hTM [42] . The 
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relative contributions of variations in microstructure to stiffness measured across the 

hTM by AFM has been rigorously modeled and discussed already elsewhere [43].  

Two additional considerations that impact interpretations of mechanical 

properties of hTM obtained from corneoscleral rims include 1) the schedule during 

which tissues are handled and prepared prior to AFM study and 2) the orientation of 

anatomy in which tissue is probed by AFM.  

We first discuss the effects of the treatment and handling schedule on 

corneoscleral rims in the context of the pertinent literature. To ensure minimal 

ultrastructural changes to the hTM, we carefully handled rims following specific 

guidelines for time spent: 1) after post-mortem and 2) in stationary serum free 

conditions. We note that optisol can effectively extend post-mortem time, as measured 

by TM cell viability, from 48 h to 1 week [41]. Thus, we selected rims within 1 week of 

their listed preservation date. Total storage time in stationary, serum-free conditions has 

been previously evaluated using the GAG synthetic profile of rims. In a large study (102 

eyes), researchers stored rims in serum free media for range of time intervals and then 

measured their GAG synthetic profile [44]. They found that the stored rims, when stored 

within a 1-to-2-week window, faithfully recapitulated the in vivo biosynthetic profile. 

Thus, we ensured our rims remained within 7 to 14 days window in stationary serum 

free conditions prior to any experiments.  
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We now discuss the relative advantages and disadvantages of the orientation to 

the overall observed AFM mechanical response in the trabecular meshwork reported in 

the literature. Ex-vivo tissues comprising the conventional outflow pathway have been 

measured in different orientations by AFM over the years. The en-face orientation (Fig. 

3A), studied by Wang et al. [45], refers to the tissue such that the uveal layer is exposed 

to the AFM tip. The reverse of this orientation, studied by Vahabikashi [32], refers to the 

tissue such that the inner wall endothelium of Schlemm's canal has been exposed and is 

exposed to the AFM tip.  The transverse orientation (Fig. 3B), also studied by Wang et al. 

in mice [46], refers to the tissue such that all layers of the TM are exposed to the AFM 

tip. The hTM has also been excised from adjoining tissues and separately mounted, as 

studied by Vranka et al. [15], such that the inner wall is exposed to the AFM tip, using a 

custom soft clamping immobilizing retainer of tissue (SCIRT) technique [47].  

En-face investigation revealed that segmental flow influenced measured stiffness 

[43]. For example, Wang et al. identified relative areas of flow by plasma membrane 

staining, which depended upon the presence of cells in the tissue. Others, however, 

highlight limitations of en-face investigation. Chang et al.  demonstrated the influence of 

transversely isotropic behaviors on measurements [43] and Wang et al. also 

acknowledged that direct contact with the uveal layer of the trabecular meshwork had 

been confounded by damage from surgical clean-up [42].   
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Transverse investigations enabled access to all layers of the TM as a function of 

distance away from the SC in AFM [46]. However, transverse cuts represent only a small 

portion of the overall length of the tissue and thus do not capture well the effects of 

segmental flow.   

Frontal investigations (non-AFM based) have been conducted by Vranka et al., 

who visualized segmental flow in human tissues on several occasions, by perfusing 

fluorescent tracers (bead-based or plasma membrane stains) and imaging afterwards 

under confocal in a frontal orientation (Fig. 3C) [47] . They also visualized segmental 

flow by immuno-staining of segmentally variable ECM proteins, such as versican and 

collagen type VI  [48]. Furthermore, in an AFM-study, they measured the stiffness of 

hTM tissues, removed from corneoscleral rims, in the same orientation that Vahabikashi 

et al. used.  

However, frontal preparations also have intrinsic limitations. Tektas et al. noted 

that elastic tendons originated from the ciliary muscles and extended through the JCT 

and connected to the inner wall endothelium [49]. By preparing frontal samples, one 

would generate two halves of the TM, where one half is still connected to the sclera and 

the other half is still connected to the cornea. In this case, one would cut the connections 

extended from any residual ciliary body through the half of the TM connected to the 

cornea to generate frontal sections. If the ciliary body were already completely removed 

in donor rims, then these connections would be likely lost in any case, and preparing 
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frontal sections would likely have little to no effect on the mechanical properties. 

However, if the residual ciliary body were still exerting some tension in these tissues, 

then we would anticipate that the differences in the mechanical properties due to 

treatment and segmental flow are confounded due to the ciliary body exerting relatively 

more tension in one half of the TM compared to the other.  

Overall, there were four major motivations for why we chose to investigate the 

frontal orientations of the hTM in discarded corneoscleral rims. First, segmental flow has 

reported to exhibit segmentally variable mechanics. Second, segmental flow regions may 

be readily identifiable by segmentally variable ECM proteins, such as col Type VI, and 

versican. Third, frontal orientations of hTM tissue provides facile access to long lengths 

of all layers of the conventional outflow pathway for sufficient sampling by AFM. 

Fourth, the mechanical properties of the TM have recently been reported to vary as a 

function away from the IW of SC [32].  Thus, we chose to study frontal sections of tissues 

using our co-located AFM/CLSM technique. 

In summary, our co-located AFM/CLSM technique highlights a solution to the 

practical experimental barrier in deriving structure-property relationships present in the 

human conventional outflow pathway. Other microscopy modes in conjunction to AFM 

can be co-located so long as sample mounting is monitored throughout the paired 

experiments for the same sample. We provide the first experimental mechanical study of 

the frontal orientation of the hTM by using a combination of our co-located AFM/CLSM 
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method and FEM to quantify the relative effects of non-ideal sample geometries on 

apparent Young's moduli. We generally find that changes in the outer TM are observed 

already with 4 days daily treatment with dexamethasone in this orientation, motivating 

a future study where changes in the layers of the hTM stiffness are evaluated as a 

function of dexamethasone concentration and duration. Preliminary evidence suggests 

that longer durations, within the recommended guidelines for handling as previously 

discussed, are likely sufficient to result in significant changes commensurate with 

prolonged treatment of dexamethasone and presentation of primary open-angle 

glaucoma in human patients. 
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3. Validation of an AFM-based micro-rheometer to 
characterize viscoelasticity in model gels 

A wide frequency bandwidth is needed to describe the relationships between 

stress and strain for cells and cellular-related materials [37]. To measure the relaxation 

spectra of the trabecular meshwork over a wide frequency range, we developed, in 

consultation with Dr. Hadi Nia at Boston University, a custom stage that ties into our 

AFM (Oxford Instruments, MFP-3D), in order to create a AFM-based micro-rheometer. 

This stage allowed us to actuate our samples over a wide frequency range (1 Hz – 10 

kHz) for dynamic indentation measurements, while maintaining the positioning 

accuracy of the AFM X-Y stage to precisely position our small samples under the 

indenter probe. To characterize the operation of the stage, we determined the storage 

(G’) and loss modulus (G”) behaviors of model gels as measures for energy-storage and 

energy-dissipation processes, respectively. We fitted the storage moduli data to a power-

law [37]: 

G’(ω) = Acos(πβ/2) ω β, 

where the pre-factor, A, refers to the frequency dependent stiffness and the power law 

exponent, β, refers to the frequency-dependent slope, discussed below in the context of 

the measurements on model gels. 

The custom stage (Fig. 10) was designed to excite a thin, horizontal metal strip 

out of plane using a small piezoelectric actuator (PL022.31, Physik Instrumente).  
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Figure 10: Custom AFM-based wide-bandwidth rheometer. (A) Schematic 

showing the stage design and strategies (B) Finished stage embedded with the X-Y stage 

of a MFP-3D AFM.  

The piezo drive signal and the cantilever deflection signal (i.e., the raw 

photodiode output from the AFM) were acquired simultaneously using LabVIEW 

coupled to a NI USB-6259 DAQ board and laptop for asynchronous waveform analysis 

in MATLAB.  

To ensure reliable operation under the desired operating frequency range for our 

tissue studies, we first characterized the system frequency response for a range of 1) 

applied voltages to the primary piezo, 2) sample thicknesses (0.170 µm vs. 1 mm), 3) 

applied voltages to the secondary piezo, and 4) stage materials. To confirm that our 

system is resonance free over the desired experimental range for relatively softer 

samples, we measured the dynamic mechanical properties of polyacrylamide (PA) and 

polydimethylsiloxane (PDMS) model gels. To ensure that the interpretation of the 

frequency response of these model gels is not compounded by the intrinsic frequency-

stiffening properties of these gels, we followed synthesis procedures to generate gels 
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with highly elastic responses over the experimental frequency range. Furthermore, to 

validate our secondary piezo measurements, we compared the storage moduli obtained 

from our dynamic indentation results with the Young’s moduli obtained from our 

independently obtained, static indentation measurements. 

3.1. Characterization of the stage frequency response 

We calibrated the secondary piezo (driving the stage) to determine its 

displacement for a range of applied drive voltages. To do so, we relied on the deflection 

of a calibrated AFM cantilever while in contact with a stiff surface. For this experiment, 

we activated the secondary piezo and held the primary z-piezo position constant. Thus, 

the measured cantilever deflection could be attributed entirely to the motion of the 

secondary piezo. We generated the drive signal and recorded the deflection signals with 

a sampling rate of 100 kHz. 

We designed the waveform to consist of multiple, discrete frequency packets. In 

a single packet, the amplitude was initially ramped over 3 cycles and was then held 

constant for 2 additional cycles. Additional packets of increasing frequency were added 

sequentially. We included frequencies ranging from 1 Hz to 50 kHz and analyzed our 

recorded input and output signals in the frequency domain using Fast Fourier 

Transformations (FFT) in MATLAB. To avoid transient responses to previously applied 

frequency packets, we confined the frequency analysis to the last two cycles in each 
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packet. The drive and cantilever deflection signals are shown in Figure 11 with 

representative frequencies for each signal shown in Figure 12. 
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Figure 11: Raw secondary piezo input (blue) overlaid with raw cantilever 

deflection response (red) on a glass sample. Signals have been zeroed for subsequent 

frequency analysis. 
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Figure 12: Representative waveforms of raw input and output signals recorded 

on a glass substrate. (A) Input and output response of a full 5 cycle waveform at 

representative frequencies within a logarithmic decade in the frequency domain swept. 

(B) The final two cycles are used for frequency analysis and are highlighted here.  

To determine the displacement of the secondary piezo at a specific applied drive 

voltage and at a specific frequency, we divided the absolute value of the FFT-

transformed output signal (cantilever deflection) by the absolute value of the FFT-

transformed input signal (piezo drive voltage) for each drive frequency. We then 

normalized this frequency response by the ratio observed at the first applied frequency, 

shown in Figure 13.  
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Figure 13: Normalized frequency response of the stage on glass. (A) Amplitude 

ratio plotted as a function of applied frequency. (B) Phase lag between output and input 

as a function of applied frequency. The stage frequency response is resonance-free from 

1 Hz to 10 kHz. 

Our stage exhibited a nearly constant frequency response (~10% deviation) over 

the experimentally relevant range from 1Hz to 10 kHz (Fig. 13). The variability in the 

normalized amplitude response reflects less than 1 nm deviation from the unnormalized 

displacement response of the system and was thus negligible. The corresponding phase 

response showed a deviation of a few degrees and was also considered negligible. These 

frequency-specific amplitude and phase response curves were used for the calculation of 

indentation on soft samples in the frequency domain.  

Next, we tested whether the frequency response of the stage is invariant to 

changes under the experimental conditions anticipated for measurements on gel and 

tissue samples. First, we checked the effect of increasing the primary piezo drive 

voltages on the measured frequency response of the system. To this end, we used a glass 
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coverslip as the calibration sample. For each applied drive voltage, we collected 3 

measurements and calculated the dynamic modulus and phase lag individually, and 

then averaged the measurements for each individual frequency. Each curve in Figure 

14A represents the mean and the 95% confidence interval (represented by a filled patch).  

A B

 

Figure 14: Normalized frequency response of the stage when the primary AFM 

piezo is actuated. The amplitude ratio is plotted as a function of applied frequency for a 

range of applied primary piezo drive voltages on (A) a glass coverslip and (B) a glass 

slide. Means (points) and 95% confidence intervals (filled areas) are plotted. The stage 

frequency response is invariant to changes in sample thickness and applied voltages to 

the primary AFM piezo. 

Filled patches that are blue, green, and red refer to 0.5, 1, and 1.5 V, respectively. 

The results in Figure 14A show that the normalized frequency response of the piezo was 

stable for the range of applied drive voltages.  

Next, we checked the effect of sample thickness on the frequency response of the 

system. We repeated the experiment we previously conducted on a thin glass coverslip 

(~0.17 µm thick) now on a thick glass slide (~1 mm thick). The data in Figure 14B show 
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that the normalized frequency response is invariant to sample thickness and applied 

primary voltages. 

Next, we checked the effect of the magnitude of the secondary piezo drive 

voltage on the measured frequency response of the system. Here, we again used a glass 

coverslip as the calibration sample. We engaged the AFM cantilever on a single spot on 

the coverslip and varied the secondary piezo drive voltage in discrete steps (1, 3, 5, and 7 

V) and recorded the corresponding cantilever deflection response. The results in Figure 

15 show that the stage is stable under these conditions with exception of a spurious 

displacement at ~60 Hz.  

*

 

Figure 15: Normalized frequency response of the stage measured for a glass 

substrate. The amplitude ratio is plotted as a function of frequency for a range of applied 

secondary piezo drive voltages. The stage response is invariant to applied drive voltages 

to the secondary piezo. Note that the response at 60 Hz (labeled with *) is due to 

spurious electrical noise. 
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We attribute this 60 Hz response (labeled with an asterisk) to AC-induced, 

electrical noise. As discussed below, this electrical noise has negligible influence on the 

dynamic moduli and phase lag curves when acquired from tissue samples.  

Next, we investigated the frequency response of the stage beyond 10 kHz. We 

observed a resonance peak at around 40 kHz (data not shown). To determine whether 

this 40 kHz resonance peak was induced by a material-dependent contact-resonance, we 

changed the stage material from aluminum to stainless steel. Given that 1) stainless steel 

is stiffer than aluminum and that 2) the contact-resonance frequency increases with 

increasing sample stiffness, we anticipated that the resonance peak would shift 

significantly. However, we found that the center frequency of the resonance peak did 

not shift as a function of the changed material stiffness. Furthermore, the results in 

Figure 16 show that the normalized stage response is unchanged when sweeping over a 

frequency range from 1 Hz to 10 kHz.  
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Figure 16: Normalized frequency response of the stage on glass. Amplitude ratio 

plotted as a function of applied frequency for two stage materials; i.e., steel (red) and 

aluminum (blue). The stage frequency response is invariant to changes in stage 

materials. 

3.2. Validation on polyacrylamide and polydimethylsiloxane gels 

Power-law behavior in tissues using AFM-based rheometers can be confounded 

with intrinsic system resonances that occur within the frequency range of interest (~1 

Hz-10 kHz). To confirm our system is resonance-free over the desired experimental 

range for soft samples, we measured the frequency response of cross-linked 

polyacrylamide and polydimethylsiloxane gels. To ensure that the interpretation of the 

frequency response is not additionally compounded by intrinsic frequency-stiffening 

properties for these gels, we choose to use recipes that produce gels with highly elastic 

responses over the desired frequency range. Furthermore, to validate our secondary 

piezo measurements, we compared the storage moduli obtained from our dynamic 
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secondary indentation results with the Young's moduli obtained independently by our 

static indentation.  

For the synthesis of highly covalently cross-linked gels, we followed published 

procedures  [51]. For PA gels, we used a volumetric ratio of 3:3:14 of stock 40% 

acrylamide (AA), 2% bis-acrylamide (Bis), and deionized water (DI). We cross-linked the 

PA using ammonium persulfate (APS) and N,N,N’,N’ – Tetramethylethylenediamine 

(TEMED). To this end, we added a volume of 1/100th of the total reaction volume using a 

stock solution of 10% APS/DI and an additional volume of 1/1000th of total reaction 

volume with TEMED [52].   For PDMS gels, we followed the vendor recommended 

recipe (Electron Microscopy Services, 10:1 recipe for base to cross-linker), using a 

Sylgard 184 kit.  

Next, we characterized these model gels (Fig. 17) using static and dynamic 

indentation measurements.  
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Figure 17: Experimental design for validation of micro-rheological tool across PA 

and PDMS gel systems. 3 measurements per location in a single location at the center of 

a sample were collected. A single measurement refers to an indentation frequency 

sweep from 1 Hz to 1 kHz. 

The measured Young’s moduli for PA and PDMS from static indentation 

measurements are summarized in Figure 18.  

 

Figure 18: Summary of Young’s moduli measurements from static indentation 

measurements of highly crosslinked PA and PDMS gels. 
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To determine the time-dependent mechanical properties of our gels, we collected 

the signals for cantilever deflection, primary z-piezo, and secondary piezo displacement 

in the time-domain. We then converted these signals into the frequency domain and 

calculated the indentation from the difference of the position of the deflection signal and 

the calibrated displacement of the secondary piezo (Fig. 19).   

A B C

 

Figure 19: Procedure for calculation of dynamic modulus and phase lag. (A) 

Frequency response of deflection response on gel. (B) Frequency response of indentation 

response on gel. (C) Calculated dynamic modulus and phase lag as a function of 

frequency. 

To determine the dynamic modulus of the samples, we fitted the data with a 

Hertzian indentation model suitably expanded by a Taylor Series, as previously done in 

the dynamic micro-rheology of cartilage [53]. To determine the phase lag of the force 

signal from the indentation signal, we first subtracted the deflection phase and the 

indentation phase by the phase value at their respective first frequency values. Next, we 



 

51 

determined the phase difference between the zeroed deflection phase and zeroed 

indentation phase (Fig. 19). From the resulting dynamic modulus and phase lag curves 

we then calculated the corresponding storage modulus, loss modulus, and damping 

(Fig. 20).  

A B

 

Figure 20: Procedure for calculation of storage (G’), loss (G”), and damping 

(tan(φ)) as a function of frequency. (A) Dynamic modulus (|G*|) and phase lag (φ). (B) 

Storage (G’), loss modulus(G”), and damping (tan(φ) calculated from (A) (G’ = 

|G*|*cos(φ), G” = |G*|*sin(φ), tan(φ)=G”/G’). 

In Figure 21A, we show results for the entire, averaged datasets plotted with 95% 

confidence intervals for both PA and PDMS gels.  
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Figure 21: Results of rheology on PA and PDMS gels. (A) Dynamic modulus 

(|G*|) and phase lag (φ) curves as a function of frequency. (B) Storage modulus (G’), 

Loss modulus (G”), and damping (tan(φ)) as a function of frequency. PDMS and PA gels 

exhibit highly elastic responses to oscillatory indentation. 

As anticipated, PDMS gels were about two orders of magnitude stiffer than the 

PA gels. Both gels exhibited little to no observable phase lag upon dynamic indentation, 

as anticipated given that we followed synthesis procedures to fabricate highly cross-

linked gels. The AFM-derived dynamic modulus values were in good agreement with 

those independently obtained from static indentation measurements.  

Our dynamic moduli values spanned the range from several kilopascals to tens 

of kilopascals, in good agreement with static modulus values obtained at the same 

location of the PA gel, and with values reported in the literature [51, 54]. The relatively 

large spread experienced in this data is attributed to the inhomogeneous micro-structure 
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generated by the polymerization conditions used in this cross-linked system [55]. Other 

groups probed relatively softer PA gels and observed a stronger frequency-dependent 

response at higher frequencies using both pyramidal and colloidal probes [56-58].  

Another group found good agreement between PDMS indentation by AFM and 

bulk oscillatory rheology [59]. Our micro-rheological dynamic modulus curves were in 

good agreement with Young's moduli obtained by static indentation at the same point 

and with the reported stiffness PDMS reported in the literature. Others performed 

micro-rheology on PDMS samples synthesized using the same recipe. They found a 

highly elastic response with dynamic stiffness on the order of a few megapascals [60].   

From the dynamic modulus and phase lag curves (Fig. 21A), we calculated and 

plotted the corresponding storage modulus, loss modulus, and damping (Fig. 21B). 

Given that phase values centered around zero (as one might expect for highly 

crosslinked gels), the loss moduli were generally poorly defined. However, the storage 

modulus was well defined for these covalently crosslinked systems, and we thus 

decided to fit the storage modulus data with a power law to determine the pre-factor A 

and the power law exponent, β (Fig. 22).   
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Figure 22: Results of power-law curve fitting to storage modulus data calculated 

from rheology on PA (blue) and PDMS (red) gels. (A) Double logarithmic plot of storage 

moduli as a function of angular frequency and power law fit PA (blue) and PDMS (red). 

(B) Summary fit results for A and β. Differences in storage moduli across recipe (PA, 

PDMS) are in good agreement with differences in Young’s moduli across recipe.  

3.3. Conclusions 

We modified a stage design, originally developed by Nia et al. [53, 61], to 

perform dynamic force indentation measurements on our tissue samples while retaining 

the nano-positioning capabilities of the MFP-3D AFM X-Y stage. We found that G' 

values were in good agreement with those Young's moduli values obtained from static 

measurements at the same locations across our PA and PDMS gels. While we did 

demonstrate a resonance-free frequency response in the range from 1 Hz to 10 kHz on a 

stiff sample, we observed resonances in the range from 1 kHz to 10 kHz when 

measuring on PA gels. Thus, we limited our interpretation of the sample frequency 

response to the resonance-free range from 1 Hz to 1 kHz.  
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There have been attempts to correct for intrinsic resonances by other groups [56, 

60, 62].  For example, Rigato et al. applied a transfer function approach. However, since 

their transfer function appears non-linear towards the final decade, the sample 

frequency response cannot be corrected for by a simple division of the frequency 

response of the stage. Furthermore, such correction falsely assumes that the effect of 

sample mass is negligible on the observed transfer function obtained from a calibration 

standard, according to the Butterworth-van Dyke model. Only a few successful reported 

examples of a linear frequency response over the frequency range of 1 Hz to 104 Hz on 

glass calibration standard surfaces are found in the literature [56, 63]. Igarashi et al. 

collected dynamic measurements on samples in air, and thus, it is unclear how their 

frequency response would change if performed on hydrated samples [63].  

In summary, we developed an AFM-based micro-rheometer and  validated its 

function by comparing the modulus values obtained from dynamic measurements on 

model gels with those obtained independently at the same location on the gels using 

static indentation measurements. Our stage design enables us to perform micro-

viscoelastic characterizations of the hTM tissue samples under desired experimental 

conditions. 
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4. Evaluation of viscoelastic changes in an early ocular 
hypertensive model 

Substrate energy dissipative mechanisms can affect cell signaling in ways that 

are orthogonal to substrate energy storage mechanisms [38]. Frequency-dependent 

measurements have historically characterized these phenomena by dynamic moduli 

(|G*|) and phase lag (φ), as a function of applied frequency [38]. In conjunction with 

AFM, characterization of the storage and loss moduli can occur at the nano- and 

micrometer length scales, where variations in tissue structure and function are observed 

for the human conventional outflow pathway.  

Biological tissues like the JCT/IW and UCM are viscoelastic with both intra-

cellular and extra-cellular mechanisms to store and dissipate applied forces. How these 

mechanisms contribute towards regulation of the local mechanobiology in the dynamic 

reciprocity between hTM cells and their ECM is currently poorly understood.  As a first 

step to develop more insight, it was our objective to measure the localized dynamic 

mechanical properties of different regions of the hTM.  

Such tissue specific wide-bandwidth dynamic mechanical measurements on the 

hTM have not been performed previously. In addition to contributing to our 

fundamental understanding of the mechanical properties of the hTM, the 

characterization of the frequency-dependent mechanical properties are likely important 

for tissue engineers who seek to develop replacements for the trabecular tissues, a 

rapidly developing and significant field of study [64-67]. For example, fitting dynamic 
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mechanical measurements, e.g., |G*|, on hTM tissues with simple power laws would 

yield valuable information by which to design and compare the micro-mechanical 

properties of novel materials replacements.  

Another area of research for which dynamic mechanical measurements of the 

hTM are important is associated with the pulsatile flow in the human trabecular 

meshwork, known as ocular pulse. Ocular pulse has been shown to affect outflow 

facility differently relative to static flow conditions [31, 68-70]. As such, characterization 

of the frequency-dependent mechanical response under control and dex-treated 

conditions of the hTM is important. Finally, energy dissipation and energy storage affect 

mechanobiology [38]. Over the frequency range of our experiments relevant to the 

ocular pulse range, we explore the variations in storage and loss moduli as a function of 

dex treatment across the micrometer length scales of these tissue regions. 

To explore the viscoelastic properties of the different tissue regions in the hTM 

we applied our co-located AFM-based microrheometer/CLSM method to frontal sections 

of hTM under control and early ocular hypertensive conditions across a broad frequency 

range (1 Hz-1 kHz). We specifically considered the storage and loss moduli in the ocular 

pulse-relevant frequency range (1-10 Hz) and their changes across the different tissue 

regions under dex treatment for two donors (Fig. 23). 
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Figure 23: Experimental design for dynamic stiffness measurements of frontally 

oriented and dex-treated hTM tissues by AFM. (A) Samples from two donors were used 

for this study. One ocular rim per donor was split into a total of twelve wedges, where 

six wedges served as control and the remaining six wedges were dex treated . After 

daily treatment with 1000 nM Dex/EtOH for 96 hours, wedges were dissected into 

frontal orientations with exposed hTM away from the glass surface. (B) Frontal sections 

were probed from the edge of the outer TM towards the center of the sclera at location 

separations of at least a cantilever width, indicated by the red dashed square. For each 

location probed, three spots were collected, where a single spot refers to an AFM 

frequency sweep collected at three indentation depths, using a tip radius of 16.25 µm. 

4.1. Effect of treatment on |G*| of the hTM (1 Hz -1 kHz)  

Dynamic mechanical measurements were performed on hTM tissue samples as a 

function of dexamethasone treatment, as previously also discussed in Chapter 2 for 

static measurements. Using our co-located AFM/CLSM method, we performed 

measurements on the: 1) UCM, 2) JCT/IW, and 3) the sclera. We then calculated the 

dynamic moduli and phase lag data for these measurements by methods previously 
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discussed in Chapter 3.  Finally, we fitted a power law to the dynamic modulus data to 

determine the power law constants, A and β, over the frequency range of 1 Hz – 1 kHz.  

We first tested if A and β were normally distributed by a Shapiro-Wilk test. We 

failed to reject the null hypothesis in the Shapiro-Wilk, even for log transformed A and 

β, and thus concluded our datasets were non-normally distributed. We then decided to 

carry out non-parametric statistics to check for systematic differences in treatment 

groups across specific regions. Specifically, we carried out a Mann-Whitney U Test (α = 

0.05) using JMP software to check for differences in A and β due to dexamethasone 

treatment within the 1) UCM, 2) JCT/IW, and 3) sclera. We summarize these data by 

groups in Figures 24-26. 

A

B
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Figure 24: Results of power-law curve fitting to dynamic modulus as a function 

of angular frequency on control (blue) and dex (red) treated UCM across (A) donor 1 

and (B) donor 2. (A) Distribution of dynamic moduli and power law fit ctl (blue) and 

dex (red) with (B) Summary fit results for A and β. Statistically significant differences 

labeled with * 
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Figure 25: Results of power-law curve fitting to dynamic modulus data on 

control (blue) and dex (red) treated JCT/IW across two donors (d1, d2). (A) Distribution 

of dynamic moduli and power law fit ctl (blue) and dex (red) with (B) Summary fit 

results for A and β. Statistically significant differences labeled with *  
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Figure 26: Results of power-law curve fitting to dynamic modulus data on 

control (blue) and dex (red) treated sclera across two donors (d1, d2). (A) Distribution of 

dynamic moduli and power law fit ctl (blue) and dex (red) with (B) Summary fit results 

for A and β. Statistically significant differences labeled with * 
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We summarize the overall results from testing for differences in A and β as a 

function of dex treatment for donors 1 and 2 (Tables 2, 3).  

Table 2: Tabulated summary statistics of the effect of dex treatment on the |G*| 

power law prefactor A across different tissue regions for two donors (Mann-Whitney U 

tests). Bolded probability values indicate statistically significant differences. 

Tissue Region Descriptive Statistics Donor 1 Donor 2 

Ctl Dex Ctl Dex 

UCM 

n 27 36 51 54 

Score mean 21.0370 40.2222 67.8627 38.9630 

Prob p<0.0001 p<0.0001 

JCT/IW 

n 33 24 30 30 

Score 33.7576 22.4583 32.3333 28.6667 

Prob p~0.0112 p~0.4161 

Sclera 

n 54 63 54 36 

Score 49.6296 67.0317 74.8704 45.3968 

Prob p~0.0057 p<0.0001 

 

Table 3: Tabulated summary statistics of the effect of dex treatment on the |G*| 

power law exponent β across different tissue regions for two donors (Mann-Whitney U 

tests). Bolded probability values indicate statistically significant differences. 

Tissue Region Descriptive Statistics Donor 1 Donor 2 

Ctl Dex Ctl Dex 

UCM 

Count 27 36 51 54 

Score mean 33.8148 30.6389 67.8627 38.9630 

Prob p~0.4962 p<0.0001 

JCT/IW 

Count 33 24 30 30 

Score  25.9091 33.2500 33.0667 27.9333 

Prob p~0.0992 p~0.2581 

Sclera 

Count 54 63 54 36 

Score 74.8704 45.3968 32.0741 65.6389 

Prob p<0.0001 p<0.0001 

We found that A, the frequency-dependent stiffness, is elevated in the outer TM 

in our model of early ocular hypertension. This elevation may be explained by reduced 
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phagocytosis of the outer TM which may lead to accumulated cell debris, as recently 

reported by the Rao lab [71], and thus elevated stiffness. Future studies would need to 

corroborate changes in ex vivo expression of cell-ECM adhesion complexes and stiffness 

as a function of dexamethasone concentration and duration, as well as specific location 

on the tissue sample, using AFM/CLSM. Our finding that A for the sclera is elevated by 

dex in donor 1 and lowered by dex in donor 2 highlights that further investigations of 

the sclera, using more donors, are required. Mechanisms involving changes in the scleral 

region are a focus of ongoing research [72, 73]. Generally, regions distal to the outer wall 

are thought to contribute to outflow resistance [72]. Furthermore, poroelastic 

contributions to the scleral tissue response in mice have recently been characterized as 

well [73].  

No reproducible, significant effects of dex treatment on β were observed for all 

regions.  This suggests that it is highly unlikely that there is a universal power-law 

exponent to describe these dynamic stiffnesses for the hTM.  

4.2. Effect of treatment on G’, G”, and tan(φ) under ocular pulse 
frequencies (1-10 Hz) 

We also consider the dex-induced effects on the storage modulus, loss modulus, 

and damping for ocular pulse relevant frequencies (1-10 Hz) across two donors.  

First, for the effect of dex treatment on the observed storage moduli across the 

different tissue regions in the hTM tissues, we found the following: 1) For the UCM, dex 
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raised the level of storage modulus across the range of ocular pulse frequencies in both 

donors 1 and 2 (Fig. 27A).  
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Figure 27: Summary of (A) storage modulus (G’) (B) loss modulus (G”) and (C) 

damping (tan(φ)) across two donors for control (blue) and dex (red) treated UCM under 

ocular pulse relevant frequencies (1-10 Hz). 

2) For the JCT/IW, dex lowered the values of the storage modulus compared to 

that in corresponding control samples in donors 1 and 2 (Fig. 28A).  
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Figure 28: Summary of (A) storage modulus (B) loss modulus and (C) damping 

across two donors for control (blue) and dex (red) treated JCT/IW under ocular pulse 

relevant frequencies (1-10 Hz). 

3) For the sclera, the effect dex treatment on the storage modulus was 

inconclusive for donor 1 but for donor 2, dex treatment dramatically lowered the value 

of the storage modulus for all frequencies relative to control (Fig. 29A).  
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Figure 29: Summary of (A) storage modulus (B) loss modulus and (C) damping 

across two donors for control (blue) and dex (red) treated sclera under ocular pulse 

relevant frequencies (1-10 Hz). 

For the effect of dex treatment on the observed loss moduli across regions of 

tissues, we found the following: 1) for the UCM, dex treatment increased the values of 

loss modulus and damping relative to control in donor 1, but caused little to no changes 

in the loss modulus and damping relative to control in donor 2 (Figs. 27B-C). 2) For the 

JCT/IW, dex treatment, did not affect the loss modulus and damping values of donor 1 

and 2 relative to control within statistical margins of error (Figs. 28B-C). 3) For the sclera, 

we found that the loss modulus and damping were close to zero or otherwise ill-defined 

in this range for donor 1,and were little affected in donor 2 (Fig. 29B-C).  
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We generally find that the storage moduli are consistently raised by dex 

treatment in the outer TM while the loss moduli are consistently lowered by dex in the 

inner TM. For the scleral region, however, the effect of dex on storage moduli flips in 

direction from donor 1 to donor 2, indicating that further investigations of the scleral 

mechanical properties near the outer wall region are required. Overall, interpretation of 

the loss moduli in this low frequency regime are limited due to ill-defined phase lag 

values (~<0) for different regions. Optimization of the cantilever stiffness/resonance 

frequency may provide a path forward to generate stronger signal to noise ratios on soft 

samples. 

4.3. Conclusions 

Our study represents the first AFM-based micro-viscoelastic investigation of 

human trabecular meshwork tissue.  

We conclude that dex-induced elevation, in dynamic modulus, is observed for 

the outer TM in an early ocular hypertensive disease model. Opposite yet significant 

dex-induced changes in dynamic modulus are observed for the scleral tissues. 

Frequency-dependent storage moduli values under ocular hypertensive frequencies 

(from 1 to 10 Hz) may be a sensitive measure of changes in the human trabecular 

meshwork. We find that under ocular pulse frequencies, dex elevates the storage moduli 

in the outer TM while dex appears to soften the storage moduli in the inner TM . 

Changes in the outer and inner TM storage moduli  may occur at early changes prior to 
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full-blown open angle glaucoma. Thus, monitoring the storage modulus of the inner and 

outer TM, in real-time, as a function of variable applied pulse frequencies from 1 to 10 

Hz, may reveal sensitive changes indicative of ocular hypertension. 
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5. Conclusions and future work 

5.1. Conclusions 

In Chapter 2, we developed a method, through co-located imaging by AFM and 

CLSM to investigate mechanical and microstructural changes across the different tissue 

layers comprising the human conventional outflow pathway under an early ocular 

hypertension model. We found that treatment with dexamethasone had a systematic 

and statistically significant effect on the stiffness of the UCM.  Dexamethasone treatment 

also had statistically significant effects on the stiffness of the sclera but showed opposite 

trends for donors 1 and 2. However, dexamethasone treatment in our early ocular 

hypertension model had a statistically insignificant effect on the stiffness of the JCT/IW 

in both donors. 

Inspired by work of Nia et al. [53, 61], we discussed in Chapter 3 the design and 

characterization of a stage to perform dynamic force indentation measurements with 

high spatial resolution over a frequency range (1 Hz – 1 kHz) on small soft, hydrated 

samples while, retaining the nano-positioning capabilities of the AFM (MFP)-3D X-Y 

stage. We verified the function of the stage by measuring the dynamic mechanical 

properties of crosslinked model gels. We found that values of G' measured at different 

locations of the gels were in good agreement with values of Young's moduli obtained 

from static measurements across the same gels. We also established that our stage can 

generate resonance-free sample responses from 1 Hz-1 kHz. 
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In Chapter 4, we applied our co-located AFM-rheometer/CLSM method towards 

frontal sections of the human conventional outflow pathway under early ocular 

hypertensive conditions. We characterized the viscoelastic behavior of the layers of the 

conventional hTM outflow pathway as a function of dex treatment across 2 donors. With 

respect to the full-frequency response (1 Hz – 1 kHz), we found that for the UCM, the 

dynamic modulus was elevated by dexamethasone for donors 1 and 2. For the JCT/IW, 

we did not find reproducible effects of dex across donors 1 and 2. For the sclera, we 

found significant but opposite effects of dex treatment on the dynamic modulus of the 

sclera in donors 1 and 2.  

In the range of ocular pulse frequencies (1-10 Hz), we found that for the UCM, 

dex appeared to stiffen the storage modulus response for donors 1 and 2, while it 

softened the storage modulus response for the JCT/IW. All measured values of G’ were 

generally in good agreement with the values of Young’s moduli derived through 

independent measurements at the same location and indentation depth.  

Previously uncharacterized viscoelastic properties across the tissues of the hTM 

have now been measured. These properties can inform both the design of novel tissue 

engineered replacements of the hTM and provide fundamental insights in conjunction 

with cell signaling investigations. Specifically, cell culture substrates with variable 

storage and loss moduli properties can be synthesized to investigate the relative effects 

of substrate energy storage and substrate energy dissipation on the signaling pathways 
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that regulate outflow resistance. We generally anticipate that relaxation of traction forces 

on highly dissipative substrates will switch mechanosensitive pathways from behaving 

in a "stiff-like" response to a "soft-like" response over time. Frequency-dependent storage 

moduli values under ocular hypertensive frequencies may also be a sensitive measure 

for changes in the human trabecular meshwork. Overall, we have developed methods to 

enable researchers in the field of open-angle glaucoma to investigate micro-structural 

viscoelasticity in human trabecular meshwork tissues. 

5.2. Future work 

5.2.1. Increasing co-location resolution 

Measures of rheological properties of cells and their extracellular environment 

have been used to determine how various cells interact with their extracellular 

environment. To probe cellular and extra-cellular rheological properties of tissues, an 

increase in spatial resolution of our co-location method is needed. The resolution with 

which AFM measurements are co-located with CLSM may be improved in the following 

way. First, a coordinate transformation from AFM space to CLSM space should be 

defined. This may be done by identifying common landmarks on a sample observable 

across both microscopy techniques. Next, the tip position along a cantilever used for 

AFM should be imaged by SEM.  From previously co-located AFM /CLSM images, the 

relative position of the cantilever to the observable common sample landmarks will be 
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known. Finally, the area of indentation by a sharp tip may be readily identified using 

knowledge of the tip position relative to the cantilever dimensions.   

However, the contact area may be ill-defined for sharp tips in contact with 

relatively rough tissue surfaces. To overcome the issue of poorly defined contact areas, 

additional methods would need to be implemented. First, an additional whole-tissue 

imaging of the surface roughness is needed to inform later modeling of the precise effect 

of surface roughness on observed indentation events. Second, improved sectioning 

techniques would be required to reveal sub-nanometer surface roughness in tissues, 

which may also be imaged by AFM prior to indentation measurements.   

5.2.2. Identifying segmental flow regions in corneoscleral rims 

Segmentally variable regions have been previously reported to exhibit variable 

stiffness patterns. How the visco-elastic properties of these segmentally variable regions 

change with ocular hypertension is currently unknown. To characterize how visco-

elastic properties change as a function of segmentally variable regions with ocular 

hypertension, the following methods may be implemented. Fixed, stained tissues after 

AFM measurements, were planned to be assigned high/low flow labels based on the 

relative thickness of the JCT tissues. In practice, however, we found that the thickness of 

the JCT was highly sensitive to the angle of the frontal cut. Additional stable mounting 

of a blade and sample would be required to enable precisely and consistently fixed angle 

frontal cuts.  
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We attempted to identify segmental flow regions by staining the plasma 

membrane while shaking the rim under incubation. However, the unique shear flow 

environment induced in the IW of SC is likely not reproduced by this procedure. To 

overcome the lack of a closed anterior chamber, as corneal buttons are typically removed 

from rims approved for research, alternative organ-on-a-chip methods for perfusing 

these wedges and/or rim are needed. 

5.2.3. Increasing duration of dexamethasone treatment to seven days. 

Increased duration of dexamethasone treatment is likely to generate significant 

changes in the ECM composition and viscoelasticity.  Rather than tracking micro-

rheological measurements, the experimental design may be simplified such that only 

simple force curves are collected for wedges as a function of dex treatment duration. 

Furthermore, the cytoskeleton and plasma membrane can be stained to broadly indicate 

morphological changes in the wedges (increased cytoskeletal cross-linking) and contact 

areas that largely consist of cellular or non-cellular fractions (plasma membrane vs. 

empty regions and/or auto fluorescent fibrillar collagens).  

5.2.4. Improving finite element modelling 

The accuracy of the mesh used in Chapter 2 is limited by the coarseness of the 

mesh and the selection of the tet4 elements used.  The mesh used in Chapter 2 may be 

refined with access to greater computing resources. Furthermore, individual 

experimental curves may be directly curve-fit using information from the co-located 
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image analysis. Future finite element models, in combination with access to improved 

computational power, will make use of hex8 elements arranged in a biased mesh, where 

the area near indentation is finely meshed and the sample more broadly meshed in the 

direction away from the indentation event. These models will also include mesh 

sensitivity studies to ensure the accuracy of the model solutions do not vary with further 

increasing mesh density. For curve-fitting experimental data, different sets of initial 

conditions will be used and reported to demonstrate robust fitting of material 

parameters. Furthermore, software packages that implement curve-fitting within the 

frequency domain would help to expedite the parameter extraction as compared to the 

time-domain curve-fitting process currently implemented in FeBioStudio. 

5.2.5. Determine source of resonance in soft sample measurements 
(1 kHz-10 kHz). 

To determine if soft samples (1-50 kPa) of 1 mm thickness are the source of 

resonance, the AFM dynamic experiment should be simulated in FeBioStudio. To 

determine if the stage is a source of resonance, one should perform accelerometer 

measurements at different points across the stage. In conjunction with accelerometer 

measurements, modal analysis of the stage geometry and stiffness should be simulated 

to identify other possible sources of intrinsic resonances.  
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5.2.6. Measure effect of rho kinase inhibition on ECM and rheology in 
frontal hTM tissues.  

 To determine the effects of dex treatment on tissue dynamic modulus are 

reversed in trend for the effects of rho kinase inhibition on tissue dynamic modulus, 

control and Y-27637 treated pairs should be measured by our custom AFM technique. 

We anticipate that the Y-27627 treated tissues will exhibit lower values of dynamic 

moduli with relatively higher power-law exponents relative to the higher power-law 

exponents for control-treated tissues. 

5.2.7. Measure rheology of JCT/IW as function of distance away from 
IW.  

 To characterize the variation in energy storage and energy loss behaviors of the 

JCT/IW as a function of distance, the reverse en face orientation of the hTM should be 

probed by our custom AFM technique. In this experiment, the IW will be exposed to the 

surface of the AFM tip and the outer TM will be mounted directly to glass. We anticipate 

that our custom-AFM technique will be able to probe the changes in energy storage and 

loss mechanisms as a function of indentation depth. 
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Appendix A 

A.1. Preliminary seven day dex treatment on ECM and stiffness 
of single pair of ctl and dex treated frontal hTM tissues. 

To determine if increased duration of dex treatment to seven days would 

generate significant changes in ECM expression, we treated a pair of control and dex 

wedges from a single donor with 500 nM dex, daily for 7 days, generated frontal 

sections, and imaged by CLSM (Fig. 30). While future studies would increase the 

number of pairs investigated, this preliminary pair suggests that longer durations of 

treatment may generate greater dramatic changes in ECM expression. The effect of these 

aggressive ocular hypertension conditions on viscoelastic properties should then be 

measured by our AFM/CLSM approach.  

A BControl Dex

 

Figure 30: Effect of 500 nM dex treatment, daily for 7 days, on frontally prepared 

tissues. CLSM results for (A) Control and (B) Dex. Fibronectin, laminin, and DAPI are 

colored by green, magenta, and blue, respectively. Dex significantly elevates ECM 

expression levels. 
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A.2. Preparation of APTES glass substrates for cell-derived 
matrices and preliminary AFM and rheology data 

To determine the differences in the viscoelastic properties of hTM cell-derived 

ECM and the viscoelastic properties of native ex vivo tissues, we attempted to replicate 

the cell-derived matrices reported previously [74]. While we successfully generated 

confluent cell cultures (Fig. 31), we were unable to generate uniform and thick ECM 

(Figs. 32, 33). As stiffness measured by AFM indentation is extremely sensitive to 

variations in thickness of sample indented, we chose not to pursue this study given our 

inability to characterize the local thickness of a spot probed by AFM. Future studies 

would explore alternative attachment strategies for which cell derived matrices attach 

more robustly to underlying substrates and include co-located AFM/CLSM methods to 

account for any variable thicknesses. Follow-up FEM would account for thickness 

variations informed by the AFM/CLSM method. 
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Figure 31: Representative phase contrast image of cell culture confluence atop 

APTES-functionalized glass coverslip. 
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Figure 32: Our decellularized ECM results (fibronectin) visualized by CLSM (first 

row) vs literature-reported (second row) decellularized ECM visualized by 

epifluorescence (left[74]) and CLSM (right[67]). Dashed white boxes refers to field of 

views equivalent to field of views reported in literature. 
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Figure 33: AFM height images of dried decellularized ECM obtained from (A) 

Control and (B) Dex-treated hTM cells. ECM derived from dex-treated cells appear more 

plate-like relative to ECM derived from control-treated cells.  
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