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Abstract 

Toward developing photochemical crosslinking and ultrafast laser therapies in cornea and 

articular cartilage and assessing mechanical, ultrastructural, and cellular tissue responses 

 

Jiashuai Fan 

 

 Tightly focused femtosecond laser pulses are widely used in the biomedical field due to 

their nonlinear multiphoton precision and minimal thermal side effects. Below the threshold of 

optical breakdown, light energy contributes to photochemical reactions that introduce more 

chemical bonding in the form of collagen crosslinking (CxL) in extracellular matrices of 

transparent tissues such as corneal stroma. Previously, based on the principles of ultrafast laser-

tissue interaction, a novel collagen CxL method relying on low-density plasma (LDP) generating 

reactive oxygen species (ROS) was proposed and applied to cornea tissue for vision correction 

by the Vukelic Group and extended to articular cartilage tissue for early osteoarthritis treatment 

in collaboration with Musculoskeletal Biomechanics Research Laboratory. Despite the efficiency 

and safety of the procedure, LDP was elusive and challenging to control due to its potential 

dependence on a cascade of intertwining factors such as ultrafast laser wavelength, power, pulse 

duration, repetition rate, and ionization resonance.  

This thesis has two aims: the first is to investigate the photochemical laser-tissue 

interaction with femtosecond nanojoule energy pulses, and the second is to develop robust and 

practical laser parameter envelopes for treating corneal ectatic diseases and osteoarthritis. 

Chapter 2 proposes a corneal epithelium-stromal level wound healing treatment. Relying on the 

interaction between reactive oxygen species (ROS) created by low-density plasma (LDP) therapy 



 

 

and inflammatory cytokines, epithelium recovery is accelerated on in vivo rabbit corneas. 

Chapters 3 to 5 focus on photochemical reaction-based morphological correction and 

biomechanical enhancement for corneal diseases such as keratoconus and astigmatism. A 

wavelength-independent, nonenzymatic CxL technique based on oxygen-independent, pentose-

mediated glycation and ROS acceleration is developed; collagen CxL efficiency is tested through 

autofluorescence microscopy and nanoindentation. Subsequently, the combined effects of 

simultaneous external mechanical loading and nonenzymatic collagen CxL, achieved by both 

traditional CxL that involves soaking eyes with riboflavin solution, a photosensitizer, and then 

activating it with ultraviolet A light (UVA-Riboflavin-CxL) and new ROS catalyzed glycation 

CxL (ROS-Glycation-CxL) techniques, are investigated on ex vivo rabbit corneas. Through X-

Ray Diffraction, permanent adjustments to the ultrastructure of collagen fibril packing are 

observed, ultimately contributing to refractive power changes in corneal topography. 

Furthermore, with the addition of melanin application that increases absorption and ionization 

efficiency, a robust method for generating plasma and reactive oxygen species (ROS) is 

proposed and implemented on ex vivo corneas to address ectatic diseases. Chapter 6 discusses the 

effect of plasma-guided laser collagen CxL on articular cartilages’ compressive equilibrium 

modulus and chondrocyte viability. Stemming from the melanin-assisted protocol and ultrafast 

pulses' high peak power, a plasma spark-mediated laser treatment is hypothesized to 

biomechanically enhance both bovine and human articular cartilage superficial zone for the 

treatment of osteoarthritis. Chapter 7 concludes this thesis and proposes future directions.  
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Chapter 1 : Introduction 

1.1 Collagen in Cornea and Articular Cartilage 

1.1.1 Corneal Anatomy and Function  

The cornea is a crucial component of the ocular system and accounts for up to 75% of the 

eye's focusing power. Cornea serves as the ophthalmic system's foremost refractive surface, 

focusing incoming rays onto the retina. The cornea as an organ exhibits a highly orchestrated 

structure with multiple cellular and acellular components that ensure optical transparency and 

contribute to the biomechanical stability crucial for maintaining its shape and function [1-4]. 

Structurally, the cornea consists of several layers with distinct properties and functions. The cornea 

is composed of three primary layers: the epithelium, stroma, and endothelium. The outermost 

layer, the epithelium, is about 50 μm thick and acts as a protective barrier against external 

environmental factors while maintaining an evenly moisturized surface conducive to optical clarity 

[5]. Beneath the epithelium, a 500 μm -thick stroma is the thickest layer within the cornea and is 

primarily comprised of water, elongated keratocytes, and an elaborate extracellular matrix (ECM). 

The stromal ECM, consisting of collagen, proteoglycans, and other soluble proteins, plays a pivotal 

role in maintaining the structural integrity of the cornea. Collagen, particularly types I, III, and V, 

accounts for 70% of the corneal dry weight and predominates within the stromal ECM, forming a 

network of collagen fibrils organized into lamellae. These lamellae run parallel to the corneal 

surface and their spatial ordering contributes to the cornea's biomechanical stiffness and optical 

transparency [3, 6-8]. The endothelium is an approximately 5 μm thick mono-cell layer that covers 

the posterior stroma. The endothelial cell layer adjusts the stromal hydration level, thus 

maintaining the corneal tissue's transparency by avoiding irregular edema [9]. The thin acellular 
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layers of the cornea, such as the tear film, the Bowman's layer, the Descemet's membrane 

anchoring endothelium cells, and other types of collagen (type V, VI, XII, XIII, XIV, and XXIV) 

found in small amounts all work together in promoting nutrients and immunochemical protein 

passage, maintaining corneal transparency, regulating ECM network, and providing structural 

support [10-16]. 

1.1.2 Articular Cartilage and The Superficial Zone  

Articular cartilage is a specialized connective tissue in synovial joints with a typical 

thickness of 2 to 4 mm. It provides a smooth, lubricated surface for articulation and distributes 

loads to minimize stress on the subchondral bone [17]. Adult articular cartilage lacks blood vessels, 

lymphatics, and nerves but still has a delicate and complex composition, which includes collagen, 

proteoglycans, water, and sparsely distributed chondrocytes. Similar to the cornea tissue, most of 

its weight is attributed to water, which is essential for maintaining the tissue's mechanical and 

physiochemical equilibrium [18-20]. Collagen, primarily type II, contributes to the tensile and 

shear strength of the ECM, while proteoglycans and hyaluronan chains generate osmotic pressure 

to resist compressive loading [21-23]. Other types of collagens are reported in smaller amount (III, 

IX, XI, VI, XII and XIV) [24-28]. Chondrocytes take up about 2%-5% of the cartilage volume and 

play a vital role in ECM maintenance and repair through metabolic activities [29]. 

Articular cartilage is organized into four distinct regions based on collagen fibril 

orientation and microstructure. First, the superficial zone is about 200 μm thick and contains 

densely packed collagen fibrils running parallel to the joint surface [30]. Second, the middle zone 

comprises 40%-60% of cartilage volume with obliquely arranged collagen fibrils and a higher 

proteoglycan content. Third, the deep zone represents about 30% of cartilage volume and features 

collagen fibrils perpendicular to the joint surface, providing maximal resistance to compression 
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[23]. Fourth, a calcified zone anchors the cartilage to the subchondral bone. Each zone contains 

three regions—pericellular, territorial, and interterritorial—that dictate how the extracellular 

matrix (ECM) is organized around chondrocytes; notably, the interterritorial region with randomly 

oriented collagen fibrils and abundant proteoglycans is crucial for maintaining biomechanical 

stability [31]. 

The superficial zone (SZ) of articular cartilage plays a crucial role in maintaining the joint's 

physiological functions [32, 33]. Marked by densely packed collagen fibers oriented parallel to the 

articular surface, the SZ exhibits exceptional tensile strength and stiffness. This unique collagen 

fiber arrangement ensures structural integrity and resistance to shear forces, enhancing the tissue's 

capacity to withstand compressive loads and minimize friction within the joint [34]. Furthermore, 

the SZ demonstrates the lowest proteoglycan (PG) content among cartilage zones, reducing water 

retention and increasing collagen density [35]. Consequently, hydraulic permeability diminishes 

in the SZ, facilitating efficient load transmission while minimizing tissue swelling [36, 37]. A 

thorough understanding of the distinct composition and arrangement of the SZ is essential for 

comprehending the biomechanical properties of articular cartilage and its role in maintaining joint 

integrity and mobility [38, 39]. 

1.1.3 Collagen Crosslinking (CxL) 

As described above, collagen type I and collagen type II are crucial components of the 

extracellular matrix, each contributing distinct mechanical properties in articular cartilage and 

corneal stroma. More broadly speaking, collagen I predominates in bone, skin, tendons, and the 

cornea, forming robust fibers essential for support [40]. In contrast, collagen II forms the structural 

framework of articular cartilage, imparting elasticity and load-bearing capacity to this specialized 

tissue [41, 42]. The basic building block of collagen fibers is the tropocollagen, which comprises 
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three amino acid polypeptide chains forming a triple helix with C and N terminals [43, 44]. 

Structurally, collagen I consists of two α1 chains and one α2 chain arranged in a triple helix 

configuration, while three identical α1 chains characterize collagen type II [41, 45, 46]. This 

structural variation results in type II collagen molecules having more candidate amino acid residue 

sites than type I collagen molecules, potentially leading to a more complex and stable type II 

collagen network due to increased bond formation or collagen crosslinking potential [41]. 

Collagen crosslinks (CxL) act as crucial molecular bridges that enhance collagen-rich 

tissues' mechanical stability and structural integrity. CxLs can be broadly classified into intra- and 

intermolecular collagen CxL [47]. Intramolecular CxLs are covalent bonds connecting polypeptide 

chains within a collagen molecule's triple helical structure, ensuring the stability and integrity of 

collagen 's triple helices and influencing the mechanical properties of collagen-rich materials and 

tissues [48]. Intermolecular CxLs form through covalent bonding between collagen triple helical 

molecules, preventing excessive slippage under load, maintaining extracellular space for cells, and 

preserving tissue shape [49]. 

CxLs can also be categorized based on their formation methods: physical and chemical. 

Physical crosslinking, such as the dehydrothermal treatment (DHT), is commonly used in tissue 

engineering to stabilize collagen scaffolds through long durations (24 hours) of desiccation and 

heating (>100◦C) [50]. During DHT treatment, ester and amide bonds form to increase the strength 

of the collagen material [51, 52]. Chemical crosslinking agents such as glutaraldehyde, 

formaldehyde, and carbodiimide interact with the collagenous ECM and have been widely shown 

to significantly increase the biomechanical strength, thermal stability, and enzymatic resistance of 

the CxLed tissue [53-56]. Molecular components of the chemical crosslinking agents are usually 

retained in the bond-forming process. Unfortunately, significant cytotoxicity renders these CxLs 
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agents incompatible with cell-populated alive tissues. Recently discovered chemical crosslinkers 

such as genipin have relatively low cytotoxicity in low concentrations and have shown promise in 

treating devitalized bovine and porcine cartilage in vitro [56-58].  

A subcategory of chemical crosslinking is photochemical crosslinking, which relies on a 

bond-forming photochemical effect. Photochemical CxL has been traditionally used in modifying 

macromolecular-based biomaterials, especially when there is an overlap between the emission 

spectra of the light source and the absorption spectra of molecules. There are three broad 

classifications of photochemical reactions: isomerization reactions, bond-forming reactions, and 

bond-breaking reactions [59]. Specifically, isomerization transformation is used to change the light 

absorption behavior, typically through promoting or inhibiting the corporation of chromophores. 

Bond-forming reactions may involve cyclization or cycloaddition reactions between functional 

groups that lead to collagen CxLs or polymer shape-memory recovery [60-62] [63]. Bond-breaking 

reactions, such as reverse cyclization and homolytic cleavage, create radicals, which usually have 

a much higher reaction rate because reactive intermediates are generated in the process of breaking 

bonds. Photons can be absorbed directly by photoactive functional groups or may promote 

molecular structures to generate reactive agents such as radical or ionic intermediates [64]. For 

example, photochemical collagen CxL is widely researched in the ophthalmology field. UVA 

light-activated photosensitizer (riboflavin) with oxygen is currently the most common FDA-

approved therapy for treating keratoconus. UVA-Riboflavin-CxL introduces covalent bonds 

within collagen and proteoglycans. Upon linear activation of UV light or nonlinear activation of 

Near Infrared light, the riboflavin molecule is activated to an excited state [62, 65-69]. It generates 

reactive oxygen species (ROS) through both type I (interacting with surrounding ECM molecules) 

and type II (interacting with triplet oxygen to form singlet oxygen) CxL mechanisms, depending 
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on oxygen availability [66, 67, 70]. Other types of photosensitizers such as verteporfin [71], Rose 

Bengal[72], chloro-aluminum phthalocyanine tetra-sulfonic acids (CASPc) [73] in multiple other 

wavelength regions activated both linearly and nonlinearly are used to crosslink collagen in dental 

tissues [74, 75], articular cartilages[76], cardiac tissues [77-79], and cervical tissues [80].   

CxLs can further be categorized based on their enzymatic or non-enzymatic nature. 

Enzymatic CxLs, facilitated by enzymes like lysyl oxidase, causes the formation of covalent bonds 

between collagen fibrils, enhancing tissue rigidity and promoting cellular adhesion [81]. 

Conversely, non-enzymatic CxLs arises from chemical reactions between collagens and CxL 

agents, as described above. The most common type of non-enzymatic CxLs is advanced glycation 

end (AGE) product-mediated crosslinking, which originates from both natural aging and excessive 

sugar-protein interaction through the Millard reaction. The Millard reaction initiates with the 

transformation of a primary amine found on amino acid residues like lysine or arginine, resulting 

in the formation of a Schiff base. This Schiff base subsequently undergoes Amadori 

rearrangement, ultimately yielding stable AGE-mediated CxLs [82-86]. 

 

1.2 Degenerative Diseases in Collagenous ECM 

1.2.1 Corneal Wound Healing 

Corneal wound healing is a meticulously orchestrated process crucial for maintaining the 

transparency and structural integrity of the cornea [87, 88]. With approximately 55 million eye 

injuries occurring annually worldwide, the cornea is frequently subjected to trauma, leading to 

conditions such as corneal abrasions, blunt trauma, or penetration by foreign objects [89, 90]. 

Disruptions in the corneal healing process, such as misregulated molecular pathways or excessive 

collagen deposition, can culminate in corneal scarring, haze, neovascularization, and even 
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blindness [91, 92]. Effective wound repair encompasses multiple stages, including inflammation, 

new tissue formation, and remodeling, mediated by a cascade of cytokines and growth factors [93]. 

However, imbalances in proinflammatory cytokines can prolong inflammation, impeding 

epithelial repair and exacerbating repair defects [94]. Despite ongoing research into therapeutic 

modalities such as biomimetic scaffolds, mechanical or electrical environment manipulation, gene 

therapy, and cell-based approaches, achieving scar-free, regenerative wound recovery remains a 

formidable challenge [95]. 

1.2.2 Corneal Ectatic Disease and Resulting Vision Error 

Corneal ectatic disorders are a group of conditions that cause the cornea to become weaker 

and thinner, leading to pain, distortion of its shape, and subsequent vision loss. Among the ectatic 

disorders such as keratoglobus and pellucid marginal degeneration, keratoconus is the most 

common, characterized by a cone-shaped progressive protrusion of the cornea [96, 97]. All ectatic 

corneal diseases lead to worsened vision from diplopia, myopia, protrusion, and corneal 

astigmatism [98]. Specifically, astigmatism, a refractive error resulting from irregular corneal 

curvature, often accompanies keratoconus and exacerbates visual disturbances such as blurred 

vision and distorted images due to uneven refractive power along two corneal meridians [99-101]. 

Although the exact etiology of keratoconus remains elusive, it is believed to involve a combination 

of genetic predisposition, environmental factors, and biomechanical abnormalities within the 

cornea [102, 103].  

Treatment modalities for keratoconus range from corrective lenses, such as glasses or 

contact lenses, to surgical interventions like corneal cross-linking or corneal transplantation in 

severe cases [104]. Conventional methods utilizing UVA-Riboflavin-CxL result in limited vision 

enhancement and lack the precision required for accurate and selective vision correction [105]. On 
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the other hand, highly precise vision correction surgeries that focus on tissue ablation could lead 

to post-kerato-refractive surgery ectasia [106, 107]. Additionally, most current treatments 

targeting stroma require removal, flapping or incision of epithelium layer. The abnormal recovery 

of epithelium leads to complications such as reduced visual acuity, inflammation, edema, haze, 

and ulceration [108, 109].  

1.2.3 Osteoarthritis 

Osteoarthritis (OA) is a prevalent and multifaceted joint ailment afflicting millions of 

individuals globally, making it the most common form of arthritis [110]. Characterized by the 

progressive deterioration of joint cartilage and structural modifications in the underlying bone, OA 

manifests through symptoms such as joint pain, stiffness, and impaired mobility [111]. While any 

joint in the human body may succumb to OA, it predominantly affects the hands, knees, hips, and 

spine, with knee OA being more prevalent in women and increasing with age. Contributing factors 

to OA include obesity, traumatic injury, previous surgeries, and repetitive occupational stressors 

[112, 113]. Notably, OA pathogenesis entails intricate biochemical alterations, including collagen 

matrix disorganization and decreased proteoglycan content within cartilage, leading to 

compromised structural integrity and increased susceptibility to wear [114, 115].  

Diagnosis primarily depends on clinical evaluation, complemented by medical imaging 

methods such as X-rays and advanced techniques like magnetic resonance imaging to assess 

disease progression. Current clinical interventions mainly focus on pain management and surgical 

options for advanced stages, with challenges in detecting early OA during the asymptomatic phase 

[116-118]. Surgical repairs of damaged cartilage are still challenging since typical procedures such 

as arthroplasty and osteotomy have a high failure rate. Problems of recently developed techniques 

such as microfracture stimulation, autologous chondrocyte implantation, and osteochondral 
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autograft or allograft transfer include low cost-efficiency, durability of generated fibrocartilage 

(instead of hyaline cartilage), or transferable tissue and cell availability [119-121].  All current 

surgical methods focus on removing and replacing OA tissue, and no therapeutic treatment exists 

for OA to halt disease progression.  

Despite OA's complexity, mechanical and biochemical degradation of the cartilage's 

extracellular matrix (ECM) is an essential parameter for disease advancement [122]. The loss of 

collagen CxLs in the collagen fibrillar network disrupts the balance of PG-related hydrostatic 

pressure, leading to ECM swelling, softening, and degradation [123-125]. Hence, replenishing 

CxLs in OA-affected cartilage shows promise in stabilizing the deteriorating ECM network and 

slowing OA progression; ongoing research investigates collagen CxLs, such as hydroxylysine 

aldehyde or pyridinoline derived CxLs, as potential biomarkers for diagnostic and therapeutic 

targets [126-130]. 

 

1.3 Femtosecond Laser Therapeutic Application 

1.3.1 Femtosecond Pulse Parameters Related to Nonlinear Absorption  

Ultrafast laser pulse surgery has transformed the manipulation of biological tissues, 

offering unparalleled precision and minimal collateral damage [131]. With femtosecond pulses, 

the excitation time of electrons is shorter than the pico-second time scale electron-phonon 

scattering, which facilitates electronic energy transfer between heated electrons and phonons 

(oscillatory atomic vibrational energy). Thus, unlike longer-pulse and continuous wave lasers, 

femtosecond pulses cause minimal heat diffusion to the surrounding regions of the irradiated area 

[132]. Additionally, the significant reduction of undesired thermal effects in biomaterials with high 
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thermal conductivity has led to an increasing preference for operating in the femtosecond regime 

with transparent bio-medias such as corneas[133].  

When light in the visible wavelength interacts with or passes through a transparent media, 

a single photon is not absorbed or subsequently reflected by itself; instead, photons pass through 

the media, giving it its “transparency” because the incident, single photon energy does not match 

or reach the energy bands required for the electron transition. As such, the absorption of photons 

in the visible or higher wavelength (lower energy photons) in transparent materials is only allowed 

when multiple incident photons fill a band gap together; i.e., the absorption of light in transparent 

materials is multiphotonic in nature [134, 135]. Multiphoton absorption is termed “nonlinear” 

because the process depends on two or more photons interacting with the target nearly 

simultaneously (10−16s), leading to at least a nonlinear, quadratic dependence on light intensity. 

Relying on multiphoton absorption, tightly focused femtosecond laser pulses with high peak 

intensity while maintaining a low average power allow for exact and highly confined optical 

manipulation of transparent biomaterials [136]. 

This thesis aims to understand and verify the mechanisms of focused pulsed femtosecond 

laser and transparent tissue interaction, which depend highly on the irradiation parameters 

including focusing lens geometry or numerical aperture (NA), wavelength λ, intensity I, temporal 

pulse duration τ, repetition rate frep, focal volume size, pulse energy, and specimen optical 

properties such as absorption, scattering and thermal capacity. We approximate the aggregate NA 

of the focusing lenses inside the focusing objective as  

𝑁𝐴 = 𝑛𝑠𝑖𝑛(𝜃) ≈ 𝑛
𝐷/2

𝐹
 

where 𝜃 is the maximum half angle of the focused light cone, n is the refractive index of the 

environment (n=1 for air), D is the collimated laser beam diameter before objective, and F is the 
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manufacturer provided focal length of the objective [137]. Assuming a simplified ellipsoid focal 

volume shape, we use the multiphoton excitation volume developed by Zipfel et al. [136] through 

fitting an intensity squared profile to Gaussian function to approximate the diffraction limited 

effective laser focal point size in the XY plane (lateral, or perpendicular to the incident beam) and 

Z plane (axial, or parallel to the incident beam) as 

𝑊𝑥𝑦 =
0.32𝜆

√2𝑁𝐴
          𝑁𝐴 ≤ 0.7 

𝑊𝑥𝑦 =
0.325𝜆

√2𝑁𝐴0.91
         𝑁𝐴 ≥ 0.7       

𝑊𝑧 =
0.532𝜆

√2
   [

1

𝑛0 − √𝑛0
2 − 𝑁𝐴2

]     

where 𝑛0 is the refractive index of the medium. In this work, the Rayleigh range [138] is also 

commonly used to estimate the effect size of laser treatment in the axial Z direction as  

𝑍𝑅 =
𝜋𝑊𝑥𝑦

2

𝜆/𝑛0
 . 

It must be emphasized that the above model is based on two-photon excitation; for multiphoton 

processes with a higher photon number, the size of the effective focal volume should decrease 

nonlinearly [136].  

Assuming a Gaussian pulse shape in the temporal domain with zero phase, the pulse energy 

of a single pulse can be expressed as [139] 

𝐸𝑝𝑢𝑙𝑠𝑒 = ∫ 𝐼𝑝𝑢𝑙𝑠𝑒(𝑡) ∗ 𝐴   𝑑𝑡
∞

−∞

 

= ∫ 𝐼 𝑒
−(

𝑡
𝜏@1/𝑒

)2

∗ 𝐴   𝑑𝑡
∞

−∞

 

= ∫ 𝐼 𝑒
−1.38(

𝑡
𝜏@𝐹𝑊𝐻𝑀

)2

∗ 𝐴   𝑑𝑡
∞

−∞

 



 12  

 

where A is approximated as the effective irradiated area, 𝐼 is the peak intensity per area, 𝜏@1/𝑒 is 

the pulse duration at half width 1/𝑒 maximum, and 𝜏@𝐹𝑊𝐻𝑀 is the pulse duration at full width 

half maximum. The definite integral can be further simplified using the error function as 

𝐸𝑝𝑢𝑙𝑠𝑒 = 𝐼 0.5√𝜋 𝜏 erf (
𝑡

𝜏
)|

−∞

∞

∗ 𝐴 

= 𝐼 √𝜋 𝜏 𝐴 . 

For repeating pulses in the duration of the treatment, the average power can be expressed as the 

energy summation of all N pulses over the total treatment time T 

𝑃𝑎𝑣𝑔 =
∑ 𝐸𝑝𝑢𝑙𝑠𝑒

𝑁
𝑛=1

𝑇
 

=
𝑁

𝑇
𝐸𝑝𝑢𝑙𝑠𝑒 = 𝑓𝑟𝑒𝑝𝐸𝑝𝑢𝑙𝑠𝑒  . 

Combining the above equations, the pulsed laser peak intensity in the lateral effective multiphoton 

area can be expressed as  

𝐼 =  
𝑃𝑎𝑣𝑔/𝑓𝑟𝑒𝑝

√𝜋 𝜏 𝐴
  

𝐼 =
𝑃𝑎𝑣𝑔/𝑓𝑟𝑒𝑝

𝜋3/2 𝜏 𝑊𝑥𝑦
2  

 

with A explicitly expressed using the lateral multiphoton focal point size.  

1.3.2 Optical Breakdown, Multiphoton Ionization, and Plasma Generation 

When the incident laser intensity or power density transfers enough energy to match the 

strength of the Coulomb force holding the electrons to the material’s atomic core, the electrons 

can be excited to a free state. If the density of free electrons exceeds a critical value, plasma in the 

form of ions and electrons is formed in the material, and optical breakdown will be induced. Intense 

plasma formation in transparent media immediately renders the material “opaque” and is followed 
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by explosive expansion (cavitations) and emission of thermoacoustic shockwaves [140, 141]. The 

critical free electron density is evaluated to be on the order of  1018 − 1020 𝑐𝑚−3, the upper limit 

of which is governed by wavelength-dependent plasma frequency. The optical breakdown 

intensity threshold has been reported to scale with pulse duration; for a near IR laser (1064 nm) 

with 100 fs pulse duration, the optical breakdown intensity in water with impurities is 

approximately 1013 𝑊/𝑐𝑚2 [142, 143].  

The ionization process has been widely categorized as multiphoton, tunneling, or avalanche 

ionization. In tunneling ionization, the strong incident laser optical field suppresses the Coulomb 

potential to allow the tunneling of a bound electron to a free state. In multiphoton ionization, 

multiple photons together provide the electron with the energy to reach a free state. Which of the 

two mechanisms dominates the ionization process in a material is theoretically predicated by the 

Keldysh parameter expressed as [135, 144]  

𝛾 =
𝜔

𝑒
√

𝑚𝑐𝑛𝜀𝐸𝑔𝑎𝑝

𝐼
 

where 𝜔 is the laser frequency, e is the charge of electron, m is the reduced mass of the electron, 

c is speed of light, n is the refractive index of the material, 𝜀 is the permittivity of free space, 𝐸𝑔𝑎𝑝  

is the band gap of the material, and I is the intensity of the laser beam focus. A Keldysh parameter 

of 1.5 lies in the intersection of multiphoton and tunneling mechanisms; for this thesis work, 𝛾 =

2~25 > 1.5, and ionization primarily occurs in the multiphoton regime [135, 145]. In avalanche 

ionization, seed free electrons generated by multiphoton and tunneling ionizations absorb more 

photons in the laser field to accelerate and impact-ionize another bound electron by collision, 

which exponentially increases the plasma density. Avalanche ionization explains the fast 
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accumulations of free electrons in optical breakdowns generated by laser pulses higher than 40 fs 

[146, 147].  

1.3.3 Plasma-Based Clinical Treatments 

Compared to picosecond and nanosecond pulses, plasma-induced ablation with 

femtosecond pulses has a few advantages. First, even though the irradiance threshold as power per 

area increases as the pulse duration decreases to 100 fs range from the nanosecond range, the 

radiant exposure threshold as energy per area decreases significantly [148-150]. Second, the 

plasma transmission in the femtosecond region is low, leading to a high coupling of energy into 

the target media with minimal unwanted transmission past the target volume. With controllable 

confinement of nonlinear excitation, the femtosecond laser ablation process is practical and precise 

with minimal thermal side effects. Thus, femtosecond lasers have extensive treatment applications 

in ophthalmic vision correction, such as flap creation in laser-assisted in-situ keratomileusis 

(LASIK), creation of corneal incisions and anterior capsulotomies in cataract surgery, and 

tunneling of the cornea for ring segment implantation in keratoconus correction surgery [133, 151, 

152].  

Additionally, cold plasma treatments are also emerging, where tissue directly interacts with 

plasma without the intention of cutting. Cold plasma is a non-equilibrium plasma where the 

constituents of the plasma are drastically different; specifically, the number of high energy and 

temperature electrons is way lower than the count of low temperature neutrons and other species 

[153]. The field of plasma medicine harnesses low-temperature atmospheric pressure plasmas to 

produce specific chemically reactive species that interact with biological targets, including cells 

and tissues. Initially, experiments demonstrated the efficient bactericidal properties of low-

temperature plasma (LTP), primarily due to reactive oxygen and nitrogen species. Clinical trials 
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on chronic wounds and preliminary trials on head and neck cancer patients demonstrated the 

efficacy of LTP-based therapies [154]. Dielectric barrier discharge (DBD) and non-equilibrium 

atmospheric pressure plasma jet (N-APPJ) emerged as crucial plasma sources that generate 

chemically reactive species relevant to physiological systems [155, 156]. Other studies show that 

cold plasma can also facilitate collagen CxLs and dental material bonding [157-159]. Overall, the 

rapid evolution of plasma medicine highlights its promising role in addressing healthcare 

challenges and suggests its potential for future medical applications. 

1.3.4 Low-Density Plasma (LDP) and Reactive Oxygen Species (ROS) Generation  

In our group's previous work, we showcased a pioneering, non-invasive method for 

permanent vision correction through a novel mode of laser-cornea interaction in which both 

thermal ablation and optical breakdown are avoided. Through the induction of a low-density 

plasma (LDP), we create an ionization field within the interstitial water of biological tissues 

without generating damaging thermoacoustic or shock waves. When applied to collagenous 

tissues, LDPs trigger the production of reactive oxygen species (ROS), akin to bond-forming 

photochemical reactions. These ROS interact with surrounding proteins, forming CxLs and 

initiating spatially targeted changes in mechanical properties [160-164]. 

ROS generation from water molecule dissociation as a by-product of multiphoton plasma 

generation in aqueous media was initially achieved by irradiation with high-power UV picosecond 

lasers [165]. Within aqueous environments, laser-induced water ionization progresses through 

primary, secondary, and tertiary reactions. Primary reactions involve the formation of solvated 

electrons and the water cation radical, 𝐻2𝑂+. This ROS, unstable in nature, reacts with a water 

molecule, yielding the 𝐻3𝑂+  ion and the hydroxyl radical 𝑂𝐻•. Simultaneously, the excited water 

molecule undergoes dissociation, generating additional 𝑂𝐻 •. Secondary and tertiary reactions 
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follow, leading to the formation of various species, including 𝐻, 𝑂2
−, 𝑂𝐻−, 𝐻2, 𝐻2𝑂2 , and others 

[165, 166]. Generated ROS may react with available functional groups of amino acids nearby to 

created new chemical bonds, including histidine, tyrosine, hydroxyproline, hydroxylysine, and 

threonine amino acid residues [166, 167].  

Studies focusing on ROS generation typically employ laser intensities well above the 

threshold for femtosecond breakdown in aqueous and ocular media, as outlined in previous 

sections. Although femtosecond irradiation in our group's prior study falls below the energy 

threshold for optical breakdown (~3.5 ∗ 1010 ≪ 1013 𝑊/𝑐𝑚2) , ionization probability near 

resonance maxima exists due to intermediate atomic state transitions. Near these resonance 

maximas, the ionization cross-section dramatically increases, allowing ionization to occur even if 

the incident laser electromagnetic field is below the ionization potential [144]. Multiple photons 

simultaneously interact with bound electrons to overcome the band gap, generating electron-hole 

pairs [145, 168]. Under these circumstances, ionization of aqueous media becomes feasible. Our 

hypothesis regarding LDP-induced ROS production in aqueous solutions was confirmed through 

electron paramagnetic resonance spectroscopy capturing 𝑂𝐻−  in a femtosecond oscillator-

irradiated aqueous solution [160]. Resonance-enhanced multiphoton ionization (REMPI) in both 

solid and liquid water have been proposed and studied; however, REMPI is a complex process, 

the direct or related effect of which has been shown to depend on target molecular structure, laser 

intensity, wavelength, pulse duration, and repetition rate [169-173].  Thus, LDP mediated ROS 

generation in interstitial water as a collagen CxLs method is likely highly volatile and may require 

exacting and specific interactions between the laser pulse train parameters and the target 

collagenous ECM.  
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1.3.5 Self-focusing  

Under high-intensity laser irradiation, materials with a higher-order susceptibility, a 

material-dependent parameter due to nonlinear propagation, will generate an intensity-dependent 

contribution to the index of refraction [174]. This effect, called the optical Kerr nonlinearity, is 

common in femtosecond laser-tissue interactions even without tightly focusing because the peak 

pulse power could be enormous with nonlinear ultrafast pulses. The nonlinear refractive index, in 

this case, is defined as [175]  

𝑛2 =
3𝑋(3)

4𝜖0𝑐𝑛0
2 

where 𝑋(3) is material dependent third-order susceptibility. The typical values of nonlinear 

refractive index for dielectric materials far from resonance frequency roughly ranges from 

10−18 − 10−20 𝑚2/𝑊 . With the addition of nonlinear refractive index, the resulting actual 

refractive index n is  

𝑛 = 𝑛0 + 𝑛2𝐼 

where the nonlinear refractive index scales with laser intensity, which gives rise to Ker-effect-

related self-focusing. When a collimated laser beam with a Gaussian intensity distribution passes 

through a material with third-order susceptibility, the refractive index distribution changes from a 

uniform constant to a curve function matching the laser pulse Gaussian intensity distribution. The 

materials at the geometric center of the laser beam experience a considerable increase in refractive 

index due to the higher centralized intensity compared to the surrounding materials. The new 

refractive index distribution effectively creates a convex lens and focuses the incident collimated 

laser beam [174]. For Kerr-effect dominated self-focusing to occur, the power of the laser must 

exceed the self-focusing power threshold expressed as  [176] 
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𝑃𝑐𝑟𝑖𝑡 =
3.77𝜆2

8𝜋𝑛0𝑛2
 . 

Common values of 𝑃𝑐𝑟𝑖𝑡 are  106 𝑊, which is easily achievable for femtosecond laser with a few 

hundred nanojoules. The length of the self-focusing 𝑍𝑠𝑓 depends on the ratio between actual laser 

power and critical power and can be expressed using the Rayleigh range [177]: 

𝑍𝑠𝑓 =
𝑍𝑅

(𝑃/𝑃𝑐𝑟𝑖𝑡 − 1)0.5
 

Additionally, when a focusing lens of focal length f is used, self-focusing is reinforced by the 

external focusing. The modified critical power 𝑃𝑐𝑟𝑖𝑡
′is given as [176] 

(
𝑃𝑐𝑟𝑖𝑡

′

𝑃𝑐𝑟𝑖𝑡
)0.5 = 0.852 +  [0.0219 + (

0.135𝑘𝑎2

𝑓
)

2

]0.5 

where the wavenumber 𝑘 = 2𝜋/𝜆, a is the input beam radius, and f is the focal length of the lens. 

The modified self-focusing distance can be calculated using the lens transformation [137]  

1

𝑍𝑠𝑓
′ =

1

𝑓
+

1

𝑍𝑠𝑓
 . 

The tendency of a laser beam above critical power to contract due to self-focusing would 

eventually lead to a catastrophic collapse of the incident beam, causing an optical breakdown and 

subsequent plasma formation, which behaves like a de-focusing lens. It has been observed that 

laser beams with high power can produce “filaments” in transparent media such as air or glass, 

with multiple self-focusing and plasma-defocusing sequences hypothesized to be the cause. Some 

studies suggest that there exists a balance between the effect of self-focusing, ionization plasma, 

and diffraction, which can be expressed as a “self-guiding” model for filamentation [178] 

𝑛2𝐼 =
𝜌(𝐼)

2𝜌𝐶
+

(1.22𝜆0)2

8𝜋𝑛0(2𝑎)2
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where 𝜌(𝐼)  is the electron plasma density. However, the exact cause of filamentation is still 

unclear, as the “self-guiding model” is theoretically unstable at powers further away from the 

critical power [174].  

Aside from the Kerr effect, recent studies have also found the possibility of self-focusing 

in plasma [179]. Self-focusing in plasma can occur through thermal, relativistic, and 

ponderomotive effects. Thermal self-focusing occurs when plasma, heated through collisions with 

electromagnetic radiation, undergoes temperature escalation [180]. This results in hydrodynamic 

expansion, elevating the refractive index and amplifying heating. Relativistic self-focusing arises 

from electron mass augmentation as they approach light speed, altering the plasma's refractive 

index [181]. Ponderomotive self-focusing stems from the ponderomotive force, which pushes 

electrons away from laser beam regions with the highest intensity, thus effectively elevating the 

refractive index and inducing self-focusing [180]. Specifically, the critical power for plasma-

mediated self-focusing 𝑃𝑟𝑒𝑙−𝑐𝑟 is proportional to the ratio of incident laser field frequency and 

plasma frequency  𝜔𝑝 [177, 182] 

𝑃𝑟𝑒𝑙−𝑐𝑟 ∝ (
𝜔

𝜔𝑝
)

2

,  𝜔𝑝 = √
𝜌(𝐼)𝑒2

𝜀0𝑚
 

The 𝑃𝑟𝑒𝑙−𝑐𝑟  is commonly reported to be on the orders of gigawatts (109 𝑊) for comparable 

incident laser and plasma frequency. However, if the intensity-dependent plasma electron density 

𝜌(𝐼) is high enough to reach 
𝜔

𝜔𝑝
 ~102, the required laser power could be significantly reduced 

[182].  



 20  

 

The above describes a self-focusing mechanism made possible by a single laser pulse. 

However, multi-pulse accumulation may also contribute to self-focusing, which can be induced by 

a permanent refractive index change of the target material resulting from consecutive pulse 

exposure [183-185]. For example, it has been observed that silica glass, under prolonged UV laser 

irradiation with pulse fluence of 0.1 to 10 𝑚𝐽/𝑐𝑚2 pulse fluence and 24ns pulse width, undergoes 

structural changes in density, refractive index, and optical absorption [183, 186]. The accumulated 

self-focusing manifests as a wave-guiding effect with a microchannel created by plasma spark 

captured with in-situ microscopy. The size of the self-focusing length and filamentation may 

depend on the damage threshold of the glass medium [183]. 

 

1.4 Relevant Characterization Methods of Collagen Crosslinking  

1.4.1 Nanoindentation 

Small-scale indentation (nanoindentation) is a convenient and flexible technique for 

measuring the local mechanical properties of various materials. For inhomogeneous biological soft 

tissues, small-scale indentation is capable of detecting region-specific mechanical properties 

stemming from tissue chemical composition, ECM ultrastructure differences, and cellular 

activities [187-189]. Additionally, this method has the flexibility to test micrometer to nanometer 

scale behavior on the tissue surface by changing the size and shape of the indenter geometry. This 

capability is particularly suitable for characterizing photochemical collagen CxL-induced 

mechanical change because the photochemical crosslinking effect is usually the most apparent due 

to light absorption and scattering patterns at the surface. Specifically, for a tightly focused laser 

beam scanning and targeting the tissue surface with a focal volume less than 50 μm3, 

nanoindentation is intrinsically more sensitive than large-scale whole tissue volume testing.  
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Spherical, cylindrical flat punch, pyramidal, or conical probe shapes are the most common contact 

geometry in indentation, within which sharper tips are usually avoided for biological samples due 

to small contact region-indentation depth ratio and potentially irreversible damage [187, 188]. 

Common constitutive models such as viscoelastic [190], poroelastic, and poroviscoelastic [191] 

routines are developed to analyze the time-dependent response of tissue due to its biphasic 

structure. In this thesis work, the viscoelastic model was chosen to capture the essential 

combination of elastic and time-dependent behavior of the cornea. A time-dependent, 

displacement-controlled load-unload cycle by a spherical tip is used on all cornea samples to 

acquire a stress-relaxation curve.  

Another advantage of the nanoindentation test is the ease of sample preparation and 

reduction of intersample variability-related bias. Unlike bulk tensile and compressive tests that 

require significant tissue volumes, nanoindentation samples can be dissected into small and 

identical geometries with less dependency on the original sample geometry such as surface 

curvature and thickness differences. From a hydration perspective, it is crucial for all specimens 

to have the same hydration level as hydration affects the biomechanical behavior of the 

collagenous ECM [192]. Small, identical shaped samples reach hydration equilibrium easily 

around the same time with comparable hydration amount, especially if samples are harvested from 

symmetrical or paired physiological positions (such as paired eyes). To ensure indentation in 

hydration equilibrium, any rising displacement-controlled stress-relaxation curve is discarded 

which clearly indicates an ongoing “swelling” surface affecting probe force-sensing [191].  

Additionally, viscoelastic relaxation results from energy storing or dissipating 

rearrangement of the macromolecular polymer network. If the experimental length scale is 
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considerably larger than the macromolecular size, it can be argued that the time constant of 

viscoelastic relaxation is less dependent on the testing geometry. On the other hand, the poroelastic 

model depends on the rate of fluid flow rate out of the tissue, which is dependent on the size of the 

applied pressure gradient dictated by probe and contact area size [193]. Due to the uncontrollable 

intersample variability, corneal thickness, and limited available probe sizes from the manufacturer, 

a viscoelastic constitutive model reduces the testing geometry-related complexity.  

The Myers Soft Tissue Lab and Dr. Michelle Oyen generously shared the nanoindentation 

equipment and the viscoelastic numerical model. Specifically, the viscoelastic mechanical 

response is analyzed based on a generalized Maxwell model consisting of a linear spring connected 

in parallel with two Maxwell units with a linear spring and dashpot linearly connected in series. In 

an isotropic elastic Hertzian contact with spherical indentation on an incompressible material, the 

load can be expressed as [190, 191, 194] 

𝑃 =  
4√𝑅

3

𝐸

(1 − 𝜐2)
ℎ1.5 =

16√𝑅

9
(3𝐺)ℎ1.5 

where R is the spherical probe radius, h is the displacement, 𝜐 is the Poisson’s ratio (0.5 for 

incompressible solid), E is the elastic modulus, and G is the shear modulus. The relationship 

between elastic and shear modulus is commonly taken as 𝐸 = 3𝐺.  

Based on the principle of elastic-viscoelastic correspondence, time dependent viscoelastic 

operators can be substituted for elastic constants above. For real experiment, a step-displacement 

assumption is not sufficient and a ramping time (𝑡𝑟𝑎𝑚𝑝 ) should be considered. Using a generalized 

Boltzmann integral expression for displacement control, 

𝑃(𝑡) =
16√𝑅

9
∫ 𝐺(𝑡 − 𝑢)[

𝑑

𝑑𝑢

𝑖

0

ℎ1.5(𝑢)]𝑑𝑢 
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where ℎ(𝑡) = ℎ𝑚𝑎𝑥  𝑎𝑡 𝑡 = 𝑡𝑟𝑎𝑚𝑝. For a material relaxation function in the form of 

𝐺(𝑡) =  𝐶0 + 𝐶1𝑒−𝑡/𝜏1 + 𝐶2𝑒−𝑡/𝜏2 , 

The load-relaxation solution can be expressed as 

𝑃(𝑡) =  𝐵0 + 𝐵1𝑒−𝑡/𝜏1 + 𝐵2𝑒−𝑡/𝜏2 . 

Although there is no closed-from analytical solution for the above equation, an approximate 

relationship can relate the fitting parameters 𝐵0,1,2 to material parameters 𝐶0,1,2 as 

𝐶0 =
𝐵0

ℎ𝑚𝑎𝑥
1.5 (

16√𝑅
9 )

, 𝐶1,2 =
𝐵1,2

ℎ𝑚𝑎𝑥
1.5 (

16√𝑅
9 ) (𝑅𝐶𝐹1,2)

 

where RCF is the ramp correction factor, describing the experimental ramp time, defined as  

𝑅𝐶𝐹1,2 =
𝜏1,2

𝑡𝑟𝑎𝑚𝑝

[𝑒
𝑡𝑟𝑎𝑚𝑝

𝜏1,2 − 1]. 

The instantaneous shear modulus 𝐺0 and long time or equilibrium shear modulus 𝐺∞ was then 

expressed as  

𝐺0 =
𝐶0 + 𝐶1 + 𝐶2

2
, 𝐺∞ =  

𝐶0

2
.  

For the shared version of the code, the “reduced elastic modulus” expressed as 𝐸𝑟 =

2𝐺/(1 − 𝜐) =  4𝐺  (both instantaneous and equilibrium) was generated for all tested samples 

[195].  

1.4.2 X-Ray Diffraction (XRD) 

X-ray diffraction is a material ultrastructure-investigation technique requiring little sample 

preparation. It permits the examination of tissue in a near-physiological hydration state without 
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the need for chemical fixation, which alters the collagenous ECM's crosslinking structure [3, 196]. 

After the passing of X-ray through a specimen containing periodic molecule assemblies (such as 

collagen fibril and lamella packing in corneal stroma), acquirable data represents an average of 

each periodic structure as constructive interference among scattered X-rays forms X-ray 

reflections. XRD is governed by the Bragg’s law: 

𝑁𝜆 = 2𝑑𝑠𝑖𝑛𝜃 

where N specifies the order of the reflection, d is the periodic spacing in the sample feature, and 𝜃 

is the one half of the scattering angle. As such, a smaller scattering angle correlates to larger 

features. For example, small-angle scattering (SAXS) within the angular range of 1 degree 

measures the collagen intrafibrillar spacings as the equatorial reflections, the fibril diameter, and 

the axial collagen periodicity (D-periodicity) as the meridional spacing [196]. Importantly, the 

equatorial integrated SAXS intensity can be expressed as the product of the interference function 

from the stromal lattice G(q) and the scattered amplitude of a single collagen fibril cylinder, often 

termed “fibril transform” 𝐹2  [197] 

𝐼(𝑞) = 𝐹2𝐺(𝑞) 

where q is the scattering vector. If we assume the collagen cylinder length is quite longer than its 

radius, the scatter amplitude is  

𝐹(𝑞𝑟) =
2𝐽1(𝑞𝑟)

𝑞𝑟
 

where r is the cylinder radius, and 𝐽1 is the Bessel function of the first kind. Because of this feature, 

the collagen fibril cylinder radius can be found by searching for the maxima or the minima of the 

Bessel function. Opposite from SAXS, wide angle scattering (WAXS) measures much smaller 
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molecular features, such as the lateral intermolecular collagen spacing [198]. The hydration 

content of the sample can also be acquired as the peak intensity from the water molecule diffraction 

peak from WAXS [199].  

Though X-ray patterns can be obtained using conventional X-ray generators in a common 

lab space, systems with low intensity take hours to generate a single X-ray scatter pattern. However, 

X-rays generated by a synchrotron, a machine that accelerates electrons (or other charged particles) 

to speeds close to that of light, could have much higher intensity and thus reduce experimental 

time considerably. In a synchrotron, electrons in a large storage ring are guided by an undulator 

source, during which process deflected electrons emit intense light signals as synchrotron 

irradiations. With the generous collaboration of the LiX beamline at the Brookhaven laboratory, 

we were able to conduct X-ray diffraction with a national synchrotron light source at high speed 

and, thus, large scanning areas for each cornea sample. The scattering vectors have a wide range 

and high resolution 0.006 − 3 Å−1, both of which are crucial for accurate peak fitting in finding 

the correlating physical geometries of the collagen ultrastructure [200]. 

1.4.3 Corneal Topography  

Corneal topography is a widely accepted clinical practice that characterizes the 

morphology of cornea related to general vision power and refractive errors, which include near-

sightedness (myopia), far-sightedness (hyperopia), astigmatism, and presbyopia. A corneal 

topographer in the form of a photokeratometer determines the curvature shape of the corneal 

surface by capturing a reflected Placido disc centered at the optical axis on top of the corneal tear 

film and analyzing the surface contours, which correlate with the local radii of curvatures [201-

203].  
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The cornea is usually considered a thin lens, the focusing power of which can be calculated 

by the lens makers’ formula 

𝑃𝑙𝑒𝑛𝑠 =
1

𝐹
=

𝑛𝑙𝑒𝑛𝑠 − 𝑛𝑒

𝑛𝑒
(

1

𝑅1
−

1

𝑅2
) 

where 𝐹 is the lens focal length,  𝑛𝑙𝑒𝑛𝑠 and 𝑛𝑒 = 1 (in air) are the refractive indexes of the lens 

and the surrounding environment; 𝑅1  and 𝑅2  are the surface radii of the lens front and back 

surfaces [204]. However, as the photokeratomer relies on the reflected signal from the corneal 

anterior surface, the refractive power of the captured corneal anterior surface can be simplified and 

expressed as  

𝑃 =
𝑛𝑐𝑜𝑟𝑛𝑒𝑎 − 1

𝑅
 

where 𝑛𝑐𝑜𝑟𝑛𝑒𝑎 = 1.3375 is the effective index of the cornea and 𝑅  is the local radius of the 

anterior corneal curvature [205]. The anterior surface of a healthy cornea is not entirely spherical 

and may appear more ellipsoidal toward the peripheral region. However, the central corneal 

conforms more to the spherical form and is illustrative of the dioptric power for incident light rays 

near the central optical axis. The effective refractive index may be chosen differently to incorporate 

the rear surface of the cornea.  

The image taken by the photokeratomer for each topography measurement is a series of 

rings at several distances from the center of the cornea. For the nth ring, the actual radius of corneal 

radius at the nth ring, 𝑅𝑛, is 

𝑅𝑛 = 𝐾𝑛𝐼𝑛 

where 𝐼𝑛  is the observed or measured size of the nth ring (in pixels), and 𝐾𝑛  is the lumped 

conversion constant that takes into account factors such as the magnification of the equipment 

optics, distance between the target and the camera, and conversion from 2D-ring radius to 3D 
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calibration ball curvature. Though 𝐾𝑛 can be calculated, it is much more accurate and convenient 

to calibrate the equipment by using balls of known and precise size. A conversion table storing the 

conversion constant is usually saved in the topographer software for internal reference; 

interpolations between the table entries or measured calibration sizes are made to assure accurate 

measurements. Any values outside of the range of radius processible by the stored conversion 

constant are discarded [205].  

To account for the radial differences within each ring, the topographer calculates the edges 

of each ring at enough angles or segments. Thus, the dioptric curvature within each chord of the 

Placido disc can be obtained discretely for the entire 360-degree span. At the 3mm diameter 

corneal central region, two meridians, which are straight lines passing through the corneal center 

or the center of the Placido disc, can be chosen from the greatest and least dioptric curvature 

measured along the matching Placido disc ring. These two meridians may be forced to be 

perpendicular to each other [205]. 

 

1.5 Thesis Overview and Objective 

This thesis aims to develop a laser-based platform leveraging ultrafast laser-induced 

reactive oxygen species (ROS) in collagenous tissues to create therapies for ocular wound healing, 

vision correction, keratoconus (KCN), astigmatism, and osteoarthritis (OA). The objective of the 

study is two-pronged: the first is to understand the underlying mechanism behind the laser-tissue 

interaction, and the second is to produce practical criteria for treating ocular tissues and articular 

cartilage. 

Chapter 2 describes the evaluation of rabbit cornea wound healing at the epithelial-stromal 

level and proinflammatory cytokine binding affinity after exposure to interstitial ROS from low-
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density plasma generated by femtosecond lasers. Rabbit corneas were treated in vivo after 

epithelium removal with a near-infrared femtosecond oscillator. Post-treatment epithelium 

recovery, stromal keratocyte viability, and endothelium viability were evaluated to monitor the 

wound healing process. Separately, proinflammatory cytokine solutions containing IL-1β or IL-

1βR were laser treated to investigate the modulation effect of ROS on wound healing-related 

signaling interleukins. 

Chapter 3 introduces ROS-accelerated, ribose-initiated glycation as an oxygen-

independent corneal CxL method for the flattening of rabbit cornea. Ex vivo, ribose-incubated 

rabbit corneas were exposed to UVA-lamp or femtosecond laser irradiation at different 

wavelengths while flattened by transparent coverslips at the apex to minimize oxygen exposure. 

The efficacy of glycation CxL was assessed, along with the viscoelastic mechanical properties of 

the glycated cornea through micro indentation. In addition, the drop of effective refractive power 

as a means of vision correction and change of corneal apical thickness change was studied. 

Chapter 4 investigates the effects of simultaneous mechanical loading and collagen CxLs 

on the ultrastructure of rabbit corneal stroma. Ex vivo rabbit corneas were subjected to UVA-

Riboflavin-CxL under tensile loading for steepening and to ROS-Glycation-CxL under 

compressive loading for flattening. The treatment effects were captured through assessments of 

refractive power. Treatment-driven macroscale corneal curvature adjustment might originate in 

changes of corneal ECM collagenous ultrastructure, including interfibrillar distance, fibril 

diameter, fibril D-periodicity, intra-fibrillar intermolecular spacing, and hydration content. All of 

these parameters were studied with small and wide-angle X-ray Diffraction at the synchrotron 

radiation source at Brookhaven National Laboratory. 
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Chapter 5 develops a melanin-enhanced laser treatment in order to create a more robust 

ROS-based femtosecond collagen CxL method for corneal ectatic diseases. Ex vivo rabbit corneas 

were subject to circular and rectangle melanin-enhanced laser scanning patterns, where a denser 

plasma spark was generated at the interface of melanin-covered cornea and coverslip. 

Biomechanical changes were evaluated for CxL efficacy, and anterior curvature changes were 

measured for potential treatment in vision correction and meridian-changing astigmatism 

treatment.  

Chapter 6 optimizes the application of femtosecond laser oscillators to induce CxL in 

articular cartilage by taking advantage of femtosecond laser self-focusing. Femtosecond laser 

treatment was applied to the superficial zone of immature bovine articular cartilage with varying 

scanning patterns, effective coverage volumes, powers, and ROS generation methods. Multiphoton 

imaging was used to improve the treatment protocol’s lasing precision. ROS-generating plasma 

was modulated through a hypothesized, self-focusing-based plasma spark method. Cartilage 

superficial zone biomechanical changes were evaluated through bulk compression tests. 

Biocompatibility was validated through live bovine cartilage samples. The clinical translational 

capacity of the treatment was tested in human articular cartilage plugs. 

Chapter 7 summarizes the results, limitations, and potential future directions of this thesis 

work.  
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Chapter 2 : Use of Femtosecond Laser Generated Reactive Oxygen 

Species to Manage Inflammation and Enhance Wound Healing 

After Ocular Trauma 

2.1 Introduction  

About 55 million eye injuries occur annually worldwide, 1.6 million resulting in blindness 

and 2.3 million in low bilateral vision [89, 90, 206, 207]. Most common eye injuries include 

corneal abrasion (scratched cornea), blunt trauma, and penetration by a foreign object. The cornea, 

the eye's outermost layer, gets injured the most. Cornea has a highly organized structure, and its 

architecture plays an integral role in light refraction onto the retina while simultaneously acting as 

a barrier that protects intraocular content from external factors [208-210]. Scar-driven fibrosis 

healing fails to fully restore the corneal transparency because of the disruption of carefully 

maintained periodic spatial ECM structures, and thus often leads to aberrant light refraction into 

the retina [3, 211, 212]. In this study, we sought to utilize controlled short bursts of reactive oxygen 

species (ROS) to manage the inflammation process, and enhance wound healing process. 

Disruption of the corneal healing process, such as misregulated molecular pathways or excessive 

collagen deposition, can lead to the loss of structural integrity and transparency of the stromal 

ECM resulting in scarring and corneal haze, corneal neovascularization and even blindness [213, 

214]. Cornea needs to remain transparent and be able to properly refract light onto retina. Potential 

therapies that enhance wound healing and reduce scar formation include the use of biomimetic 

scaffolds [215], manipulation of the mechanical environment [216] or electric environment [217], 

gene therapy approaches [218], cell-based approaches such as epithelial or progenitor cell 

transplantations [219], as well as the administration of small molecules such as proinflammatory 



 31  

 

or growth factor mediators and ligands [220] [221]. However, these therapies have not yet led to 

substantial progress in scar-free, regenerative wound recovery: single-agent therapies, such as the 

administration of a particular growth factor, have limited impact due to considerable complexity 

and rapid activity of the wound site components [95].  

Wound repair and healing includes multiple stages such as inflammation, new tissue 

formation, and remodeling [95]. Upon injury, various intra- and intercellular pathways are 

activated in the immune and inflammatory systems through molecular agents such as cytokines 

and growth factors. Such pathways regulate and coordinate metabolism, proliferation, 

differentiation, and migration of cells near the wound site [222]. Problems with wound healing can 

be roughly divided into two categories. The first is delayed healing, which is a characteristic of 

chronic or non-healing wounds such as pressure or diabetic ulcers [222]. The second is excessive 

healing, characterized by the deposition of large amounts of extracellular matrix and alterations in 

local vascularization. Many such excessive healings produce large masses of tissue that can 

physically distort surface structures [95]. Wound healing in the ocular system is particularly 

sensitive to excessive fibrosis healing because it interferes with specialized tissue function and 

characteristics for light interaction [212].  

Post-traumatic corneal wound repair includes re-epithelization, cell proliferation, as well 

as synthesis and remodeling of stromal extracellular matrix (ECM) [91, 223]. All steps in the 

corneal wound healing process are mainly regulated by cytokines and growth factors (Figure. 2-

1). Injury to the epithelium triggers the release of proinflammatory cytokines such as interleukin-

1 (IL-1a, β) and tumor necrosis factor-a (TNF-a), which attract inflammatory cells but also initiate 

keratocyte apoptosis [224]. IL-1a, β signal keratocyte apoptosis in the vicinity of the wound, 

resulting in the formation of an acellular area [209, 225]. Keratocytes surrounding the acellular 
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region get activated and turn into fibroblasts and, along with inflammatory cells, migrate into the 

acellular region. Fibroblasts secrete proteases, chemokines, and growth factors such as 

transforming growth factors (TGFβ1, TGFβ2) that stimulate fibroblasts differentiation into 

myofibroblasts which are seen as instrumental in wound contraction and scarring [93, 214]. For 

example, IL-1 and TNF-a levels are transiently elevated in routine wound healing; however, if 

their concentrations remain persistently high, the inflammation is prolonged, and epithelium repair 

is impeded, which can result in the repair defect [226]. Further, a disbalance between elevated 

levels of IL-1 and receptor antagonist (IL-1R) results in delayed wound healing, which is 

particularly important in cases where IL-1R is suppressed [227].  

Figure 2-1. The corneal wound healing process and the role of inflammatory 

interleukins. 
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Reactive oxygen species (ROS) lead to the oxidation of amino acid residue side chains, 

formation of protein crosslinks (CxLs), and oxidation of the protein backbones resulting in protein 

fragmentation since ROS moieties by their nature, have high reactivity with various molecules 

[228]. Specifically, the biological activity of IL-33 at its receptor ST2 was shown to be regulated 

by an oxidation-driven conformational change involving the formation of two di-sulfate bridges, 

resulting in a structural change of the binding site and affecting the binding affinity of the cytokine. 

Other IL-1 family cytokines are also susceptible to cysteine oxidation changes that could regulate 

their biological activity [229]. However, the effect of ROS on biological processes is a function of 

content, strength, and duration of exposure. While ROS-related signaling pathways were 

established, ROS' cellular influence varies from anabolic to cytotoxic. Excessive oxidative stress 

can potentially cause various deleterious events such as damaged protein structure, interfered 

activation of signaling cascades, and even cell apoptosis. In contrast, low doses of oxidative stress 

possess an adaptive stimulatory effect on cells and activate pathways leading to migration and 

collagen synthesis [230, 231]. ROS-production enhancing modalities such as anti-bacterial H2O2 

containing topical solutions, galvanic zinc-copper microparticles, Galectin-1, hyperbaric O2 

therapy, and photodynamic therapy are increasingly utilized to promote skin wound healing and 

manage inflammation [230, 232, 233]. Nevertheless, the optimal delivery system of ROS is still 

elusive; to the best of authors’ knowledge, there are no marketed or in-pipeline ROS-based 

therapies for ophthalmic wound recovery.  

Our previous studies have shown that the application of Near Infrared (NIR) femtosecond 

lasers can induce ROS-producing Low-Density Plasma (LDP) in collagenous tissues [160]. In this 

study, the laser intensity is restricted such that the optical breakdown is never reached (~1013 

W/cm2) [145], and thus the process is limited to photochemical reactions in absence of damaging 
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effects of dense plasma such as ablation, and shock- or thermoacoustic waves. Induced LDP 

ionizes and dissociates interstitial water in the corneas resulting in a cascade of reactions that 

produce ROS such as H2O2, hydrogen ion (H3O
+), hydroxyl ion (OH-), hydroxy radical (OH*) 

[234].  Further, since the number of the laser-generated free electrons produced during a single 

pulse is a function of irradiance, lasing parameters [235] [168] could be fine-tuned to control the 

amount of ROS delivered to the target region of the ocular system. The proposed treatment has a 

high degree of spatial accuracy due to the nature of multiphoton ionization at NIR wavelength 

[236]. In vivo results presented here show that targeted introduction of ROS enhance the wound 

healing process in rabbit models subjected to corneal abrasion. Follow-up experiments on isolated 

cytokines and corresponding receptors confirm that ROS indeed modulated binding affinity of 

targeted molecules. 

 

1.2 Methods 

A detailed light sources summary can be found in the Appendix (Table 8-1).  

2.2.1 Animals and Epithelium Recovery Treatment Groups  

In vivo experiments were performed on young adult Dutch belted rabbits delivered to the 

Columbia University Institute of Comparative Medicine (ICM) animal house. The Institutional 

Animal Care and Use Committee of Columbia University provided review and approval to the 

experimental protocols for all pre- and post-treatment animal-handling procedures. A total of 6 

Dutch Belt rabbits were used to study the epithelium wound healing process. For all rabbits, one 

eye was kept intact and the paired eye was subjected to epithelium debriding at the central cornea 

by brush. Out of the 6 apical epithelium removed eyes, the laser treatment was applied on 3 

corneas; the remaining 3 corneas were left to heal naturally. Fluorescein and cobalt-blue inspection 
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illumination was used to evaluate the epithelium wound state at two time points: before treatment 

(BT) and 4 days after treatment.  

2.2.2 Wound Healing Laser Treatment 

Two low pulse energy, high repetition rate femtosecond lasers – laser oscillators, were used 

in the study: (1) 1059.6 nm wavelength Nd:Glass femtosecond oscillator (High Q, Spectra-Physics, 

Austria) with 1059.6 nm central wavelength and 99 femtosecond temporal pulse width, and (2) 

fiber-based femtosecond oscillator (Fidelity II, Coherent, Santa Clara, CA) with central 

wavelength at 1069 nm and 40.6 femtosecond pulse duration. The first laser (Nd:Glass) was 

focused with a Zeiss Plan-Neofluar 40x Zeiss objective to produce 65 mW of average power, 

measured after the objective. The effective numerical aperture was estimated to be 0.098 due to 

the out-of-cavity 0.2 mm beam diameter; The fiber oscillator (Fidelity II) was focused with the 

same objective at 0.1463 NA to produce 80, 160, and 320 mW average power, also measured after 

the objective. Out-of-cavity powers were adjusted with continuous neutral density filters (NDC-

50C-2M-B, Thorlabs, Newton, NJ). Treatments on interleukins solutions (please see below) and 

rabbit corneas were accomplished with a raster scan regime, with a 50 μm increment zig-zag 

pattern in a 25 mm2 square parallel to the cornea or solution surface and 5 layers of consecutive 

treatment planes into the depth of the sample. A 0.15 mm thick coverslip was put on top of the 

sample to capture the focal position of the laser beam after the objective. The laser beam was 

rasterized by a custom assembled 3-axis motorized linear stage (Z825B and PT1, Thorlabs, 

Newton) with a speed of 2 mm/s and a maximum acceleration of 1.5 mm/s2. In vivo rabbit handling, 

and anaesthetization procedures were described in a previous study [160]. 
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2.2.3 Confocal Laser Scanning Microscopy (CLSM) and Cell Counting: 

CLSM was performed with an HRT3-RCM 670 nm laser scanning system (Heidelberg 

Engineering, Dossenheim, Germany) and a 63x/ 0.95NA water immersion objective (Zeiss, 

Germany) on the same set of 6 rabbits at three time points: before the treatment, 4 days, and 2 

weeks after the treatment. GenTeal water-based gel was placed between the cornea and the 

objective as a coupling medium. For stromal keratocytes, the cell per unit volume (100*100*70 

μm3) was acquired and then converted to cell per millimeter cubed. Cell counting was performed 

with Image J software. The representative keratocyte counts for each cornea at each time point 

were taken from the average of three unit-volumes in the treatment region (0 to 200 μm anterior 

stroma). For endothelium cells, the cell per unit area (100*100 μm2) was acquired and then 

converted to cell per millimeter squared. 

2.2.4 Quantitative ELISA Assay 

ELISA plate protocols were used to evaluate the possible alteration effect of the NIR laser 

irradiation on the binding affinity of IL-1b and IL-1b-receptor (IL1R1) molecules. Recombinant 

human IL-1b protein (Thermo Fisher Scientific, PHC0815) was reconstituted to 5 ug/mL with 

dH2O according to the manufacturer’s recommendations.  Then protein solution was sampled into 

shallow (2 mm depth) dishes, covered with microscope cover slides and divided in two groups. 

One group was treated with the Nd:glass laser,  and the other group was left as untreated control. 

Serial dilutions of the control and Nd:glass laser treated samples were assayed using IL-1b US 

ELISA kit (Invitrogen, KHC0014). Effects of Nd:glass laser treatment on recombinant human 

IL1R1 receptor protein (Thermo Fisher Scientific, 10126H08H5) were also assayed following the 

above procedure using Human IL-1R1 (IL-1RA) ELISA Kit (Thermo Fisher scientific, EHIL1R1). 

The experiments were repeated by using the fiber laser for the irradiation at various average power. 
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The binding affinity of IL-1b (Thermo Fisher Scientific, PHC0815) and IL-1b-receptor 

(Sinobiological, 10126-hcch) subject to the fiber laser treatment was similarly investigated through 

corresponding ELISA assays (Thermo Fisher Scientific, BMS224-2 and EHIL1R1). The optical 

density at 450 nm was acquired with kinetic microplate spectrophotometers for Nd:Glass 

(Benchmark Microplate Reader, Bio-Rad Laboratories, Hercules, CA) and fiber laser (POLARstar 

Omega, BMG LABTECH, Cary, NC) treatments. Only readings of optical density on the same 

plate between the treated and control groups were compared. 

 

2.3 Results 

2.3.1 Epithelium Recovery  

To simulate corneal surface abrasion (scratch wound – most common eye injury), apical 

corneal epithelia were removed in all but positive control eyes. Eyes were divided into three 

groups: Group A: intact, positive control, epithelia not debrided and not subject to lasing; Group 

B control eyes: epithelium removed, and subject to the same treatment conditions except laser 

irradiation (sham controls), and Group C treated eyes: epithelium removed and subsequently laser 

treated. Top row in Figure. 2-2 shows eyes before the treatment. The eye on the top left is a pristine 

(positive) control, and the other two eyes have their epithelium removed. Size of the injury, and 

the healing process after the laser treatment was monitored via staining with topically applied 

fluorescein eyedrops and exposing to a light source. The size of the initial injury is approximately 

the same in both eyes. Injured corneas with exposed stromas appear fluorescent green under cobalt-

blue inspection illumination, whereas intact or recovered central epithelium surfaces did not show 

artificial colors. On the 4th day after the laser irradiation, treated corneal surface in Group C (bottom 
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right) showed complete recovery of the epithelium layer, whereas non-laser treated cornea surface 

showed partial recovery of epithelium in Group B in Figure. 2-2 (2nd row). 

 

2.3.2 Stromal Keratocyte Cell Viability 

Keratocyte count was performed to assess the injury induced cell loss, and whether the 

laser treatment can mitigate it. In vivo rabbit stromal keratocyte densities were calculated from 

CLSM images of the laser-treated (epithelium removed, laser-treated), control (epithelium 

removed, no laser treatment) and positive control (no epithelium removed) within the 200 μm 

anterior stromal surface at three time points: before-treatment, 4-day and 14-day after the 

treatment. A mixed repeated measures ANOVA was performed to analyze the effect of time and 

treatments on keratocyte density. The effect of time on keratocyte cell viability significantly 

Figure 2-2. Representative In vivo rabbit corneal surface of (A) intact, (B) epithelium 

debrided, and (C) epithelium debrided and the laser treated rabbit eyes imaged before 

modulation and after LT modulation under cobalt blue light after application of the 

fluorescein. Green spot indicates the area of surface still not covered with restored epithelium. 
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depended on laser treatments, and vice versa (F=4, P<0.05). Post-hoc tests were performed to 

evaluate the simple main effects within the same treatment group: Tukey’s multiple comparisons 

test showed a significant decrease of keratocyte density from the before-treatment to the 4-day 

time points for epithelium removed corneas without laser treatment (p<0.05). No other 

significance was found across 3 timepoints within 3 different treatment groups (Figure 2-3A). 

 

2.3.3 Keratocyte Cell Viability  

Keratocyte count was performed to assess the injury induced cell loss, and whether the 

laser treatment can mitigate it. In vivo rabbit stromal keratocyte densities were calculated from 

CLSM images of the laser-treated (epithelium removed, laser-treated), control (epithelium 

removed, no laser treatment) and positive control (no epithelium removed) within the 200 μm 

anterior stromal surface at three time points: before-treatment, 4-day and 14-day after the 

treatment. A mixed repeated measures ANOVA was performed to analyze the effect of time and 

treatments on keratocyte density. The effect of time on keratocyte cell viability significantly 

depended on laser treatments, and vice versa (F=4, P<0.05). Post-hoc tests were performed to 

evaluate the simple main effects within the same treatment group: Tukey’s multiple comparisons 

test showed a significant decrease of keratocyte density from the before-treatment to the 4-day 

time points for epithelium removed corneas without laser treatment (p<0.05). No other 

significance was found across 3 timepoints within 3 different treatment groups (Figure 2-3A). 

2.3.4 Endothelium Cell Viability  

In healthy corneas, endothelium cells maintain hydration and transparency. Since the 

endothelium cells cannot replicate, their sufficient loss can result in endothelium barrier 

dysfunction and vision loss. In vivo rabbit endothelium cell densities were calculated from CLSM 
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images at the before-treatment, 4-day and 14-day time points. A mixed repeated measures 

ANOVA was performed to analyze the effect of time and treatments on epithelial cell density. The 

effect of time on endothelium cell viability did not depend on laser treatment (F= 0.6630, 

p=0.6257). There was no significant main effect on endothelium cell density among different 

treatment groups (F=0.7897, p=0.4831). Time did have a significant main effect on endothelium 

cell density (F=4.187, p=0.0321). Post-hoc Tukey’s multiple comparisons tests showed that there 

was a significant decrease of endothelium cell density at the 4-day time point from the before-

treatment baseline for all samples (p<0.05) (Figure 2-3B).   

 

Figure 2-3. In vivo rabbit corneal keratocyte density counted from CLSM images within 

the stromal anterior 200 μm treatment region in (A), and endothelium cell density in (B) for 

three treatment groups at the before modulation (BM), 3 to 4 days, and 2 weeks after procedure 

time points. Error bars are standard deviations. Scale bars are 25μm.  
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Figure 2-4. Representative CLSM images of in vivo rabbit stromal keratocytes at 

different depths from stromal surface, at the 4D, 7D, and 14D timepoints for (A) intact, (B) 

epithelium debrided and (C) epithelium debrided and the laser treated eyes. 
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2.3.5 Binding Affinity of IL-1β and IL-1β-receptor 

Elevated pro-inflammatory cytokine and receptor interaction potentially leads to cellular 

behavior induced prolonged and irregular wound healing. To further investigate the mechanism of 

laser treatment’s effect on epithelial healing and keratocyte viability, changes to binding 

interaction between IL-1β and IL-1β-receptor after the Nd:Glass and fiber laser irradiation were 

assessed through ligand-receptor interaction quantitative ELISA, where optical density (OD) was 

measured as an indication of binding affinity. Ordinary two-way ANOVA tests were performed to 

analyze the effect of protein concentrations and laser treatments on OD levels.  

Figure. 2-4A1 shows Nd:Glass laser treated IL-1β cytokine’s binding activity with 

unmodified IL-1β-R on ELISA plate. The effect of IL-1β concentration on binding affinity 

significantly depended on Nd:Glass laser treatments, and vice versa (F=12.91, p<0.0001). Post-

hoc Tukey test showed a significant OD difference between the laser treated and control cytokines 

at 10pg/ml (p<0.05) and 20pg/ml (p<0.0001) IL-1β concentrations.  

Figure. 2-4A2 shows Nd:Glass laser treated IL-1β-receptor’s binding activity to 

unmodified IL-1β cytokines on ELISA plate. The effect of IL-1β-R concentration on binding 

affinity did not depend on Nd:Glass laser treatment (F=1.311, p=0.3152). Laser treatment did not 

have a significant main effect on the OD levels (F=0.3248, p=0.5777). Post-hoc Tukey test showed 

no significant OD difference between the laser treated and control cytokines at any IL-1β-receptor 

concentrations. 

Figure. 2-4B1 shows fiber laser treated IL-1β cytokine’s binding activity to unmodified 

IL-1β-R on ELISA plate. The effect of IL-1β concentration on binding affinity significantly 

depended on fiber laser treatments, and vice versa (F=11.49, p<0.0001). One way ANOVA test at 

each protein concentration identified significant differences of laser treatment powers on OD at 
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8pg/ml (p<0.01), 16pg/ml (p<0.01), 32pg/ml (p<0.01), 128pg/ml (p<0.01), and 256pg/ml (p<0.01) 

IL-1β concentrations.   

Figure. 2-4B2 shows fiber laser treated IL-1β-receptor’s binding activity to unmodified 

IL-1β cytokines on ELISA plate. The effect of IL-1β-R’s concentration on binding affinity 

significantly depended on fiber laser treatments, and vice versa (F=13.66, p<0.0001). One way 

ANOVA test at each protein concentration identified significant effect of different laser treatment 

Figure 2-5. Serial dilution ELISA curves of A) HighQ and B) Coherent Fidelity II laser 

irradiated (treated) and non-irradiated (control) solutions of 1) cytokine IL-1β and 2) IL-1β 

receptor. Error bars are standard deviations.  



 44  

 

powers on OD at 128pg/ml (p<0.05), 512pg/ml (p<0.01), 1024pg/ml (p<0.05), and 2048pg/ml 

(p<0.01) IL-1β-receptor concentrations.  

2.4 Discussion 

The study has demonstrated that NIR femtosecond laser irradiation accelerated corneal 

wound healing process after the induced abrasion (Figure. 2-2). After the scratch injury, the laser 

treatment targets the anterior of exposed stroma since the rabbits do not have a Bowman’s layer 

[237]. The laser irradiation pattern takes advent age of the effective size of the multiphoton focal 

volume which is 50 μm in depth (25 μm in Rayleigh range) [236] and covers the 200 μm depth of 

the anterior stroma [160, 162]. This spatial positioning of the laser treatment allows for the 

investigation of the epithelial-stroma interaction during wound healing. 

Wounding of the corneal epithelium initiates the rapid loss of stromal keratocytes in rabbits 

and primates [238, 239]. Our in vivo CLSM images within the 0-200 μm region confirmed that at 

the 4-day time point; epithelium-removed corneas of the control Group B had a significant 

decrease in stromal keratocyte number. In contrast, epithelium-removed and laser-treated corneas 

of Group C had a similar time-dependent response to the epithelium-intact corneas of the positive 

control Group A and showed no significant keratocyte density difference (Figure 2-3A). This 

similarity suggests that NIR femtosecond laser treatment altered the post-injury keratocytes 

response. First, the laser irradiation has reduced keratocyte apoptosis near the wound. Second, 

keratocyte differentiation into fibroblasts and myofibroblasts could also have been mediated since 

the transformed cells in general are larger in volume. Lastly, the keratocyte response sequence 

might have been accelerated by the laser treatment such that at the 4-day timepoint the stromal 

keratocytes network has restored to the baseline structure. We observed a combination of the above 

potential effects in stromal keratocyte CLSM images within the laser treatment volume (Figure. 
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2-5). Keratocyte density below the treated region showed no significant difference across all three 

groups at all three time points, suggesting an anterior stroma-confined effect of the laser treatment; 

however, this might also be due to the distance from the induced wound at the surface of the cornea 

(Figure. 2-6).  

Importantly, spatially focused laser treatment did not affect endothelium cell density, 

although we observed that endothelial cell density decreased in all corneas regardless of treatment 

groups from the baseline at the 4-day timepoint after treatment but recovered at the 2-weeks 

timepoint (Figure. 2-3B). We speculate that perhaps a procedure in animal handling unrelated to 

the principal laser treatment application, such as transportation from the animal facility to the laser 

operating room, might be the potential cause. H&E-stained histological sections of epithelium 

removed rabbit corneas obtained at 4-day and 0-day timepoints showed no stromal collagen 

disorganization and no endothelium detachment after laser treatment (Figure. 2-7).  

Figure 2-6.  In vivo rabbit corneal keratocyte density counted from CLSM images below 

the stromal laser treated region for three treatment groups at the before modulation (BM), 3 to 

4 days, and 2 weeks after procedure time points.  
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We further hypothesize that different stromal keratocytes and epithelium recovery behavior 

results between the laser treated and control corneas is due to the laser-initiated LDP-produced 

ROS. Produced from the interstitial water in the stromal ECM, short lived ROS interact with 

cytokines secreted by regenerating epithelium and activated keratocytes during the wound healing 

process [160, 162]. For example, earlier studies defined the important role of pro-inflammatory 

cytokine IL-1α and β and their receptor IL-1R1 as modulators of the epithelial-stromal cell 

interactions [225, 227, 240, 241]. Through quantitative ELISA, we showed that the identical 

Nd:Glass laser treatment applied to in vivo rabbit corneas significantly decreased the binding 

affinity of the irradiated IL-1β to unmodulated IL-1R1. However, the same laser treatment did not 

affect the biding affinity of the irradiated IL-1R1 to unmodulated IL-1. We only observed an 

increase in the magnitude of binding affinity change as IL-1β concentration increases, while the 

IL-1R1 concentration’s effect on OD levels did not depend on laser treatment (Figure. 2-4A). 

Since we speculated that ROS-led, oxidation-driven conformational change of the amino acids is 

the primary reason for the binding affinity difference, it is possible the binding site structure of the 

bulkier IL-1R1 at ~50 kDa could be less susceptible to the ROS oxidation effect compared to the 

smaller IL-1β at ~17.5 kDa [242, 243].  

Figure 2-7. Representative histology images of for epithelium-removed, A) non-laser 

treated and B) laser treated rabbit corneas at 1) 3 to 4 days and 2) 30 days after procedure. Scale 

bars are 500 μm. 
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The interaction of femtosecond laser pulses with IL-1 and IL-1R1 weas further investigated 

with a different optical setup using the fiber laser that can provide significantly higher out of 

objective average power at 80 mW, 160 mW, and 320 mW. We demonstrated that the fiber laser 

treatment significantly decreased the binding affinity of both the irradiated IL-1β and IL-1R1to 

their respective unmodulated counterparts. The magnitude of binding affinity changes increases 

with both protein concentrations and laser powers. The binding affinity dependency on laser 

powers were not significant for all concentrations (Figure. 2-4B). It is worth noting that at the 80 

mW fiber laser were approximated to have the same ~3.7e10 W/cm2 focal area intensity and at 

~1.2 nJ pulse energy as the Nd:Glass laser treatment at 60 mW. However, the IL-1R1 had a 

different response to the two lasers as the binding affinity only decreased for the fiber laser. The 

fiber laser has a slightly higher wavelength, shorter pulse duration and higher repetition rate 

compared to the Nd:Glass laser treatment. These variable lasing parameters might have increased 

the efficiency of the LDP to produce more ROS that altered the 50 kDa IL-1R1 protein structure. 

Overall, the differential response of IL-1β and IL-1R1 to different lasing parameters suggest the 

possibility of target-specific laser treatment. 

The concentration ladder chosen here was close to the reported IL-1β concentration in 

serum [244]. Interestingly, it has been reported that the concentration of pro-inflammatory 

cytokines such as IL-1β increases not only in routine wound healing, but also in diabetic 

complications. Inhibiting the IL-1β pathways in wounds of diabetic host induced a switch from 

proinflammatory to healing-associated macrophage phenotypes and improved healing of persistent 

diabetic wounds [226, 245]. Since the laser treatment produced higher magnitude of binding 

affinity changes with higher cytokine concentrations, this treatment could be increasingly effective 

for severe wounds with high pro-inflammatory cytokine concentrations.  
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On a molecular level, the altered binding affinity of IL-1β and IL-1R1 warrants more 

investigation of other wound healing process relevant proteins such as IL-1α, TGF-β, fibroblast 

growth factor (FGF), keratinocyte growth factor (KGF), and vascular endothelial growth factor 

(VEGF) and their molecular activities susceptible to NIR femtosecond laser treatment at different 

lasing parameters in the future. Additionally, though studying the laser treatment’s effect using 

isolated cytokines might be an efficient approach, laser’s impact on solutions with various 

cytokines might also be worth investigating as coexisting and interactive protein patterns serve a 

closer reference to the biological system in corneas. On a cellular level, the authors realize that 

cell viability alone might not sufficiently elucidate the keratocyte’s response to laser treatment 

during wound healing and would like to leverage cell-specific markers, such as keratocan or CD34 

for quiescent keratocytes and α-SMA for myofibroblasts, to investigate wound recovery related 

keratocyte differentiation and gene expression through immunohistology staining, flow cytometry, 

RT-qPCR and western blot [246-250]. On an organism level, we would like to continue expanding 

the ex vivo and in vivo sample numbers to account for inter-cornea variability from biological 

factors such as age and sex for a more comprehensive evaluation of epithelial recovery and stromal 

keratocyte responsiveness. 

Corneal wound healing depends on many intertwining factors such as stromal cells, 

epithelial and endothelial cells, ECM, secreted chemokines, proteinases, and biophysical 

properties. Current therapeutic approaches to modulate the corneal wound healing processes such 

as gene therapy, nano-particles and stem cell transplantation might have multiple mechanisms of 

action but rarely investigate the cumulative effects of multiple factors [212]. We have previously 

shown that when NIR ultrashort pulses carrying nano-joule energy below the optical breakdown 

are relatively loosely focused onto collagen-rich biological media, ROS produced by LDP in the 



 49  

 

focal volume interacts with stromal ECM to form collagenous CxLs. When applied to the corneal 

stroma, this technique enhances the biomechanical properties of the cornea with spatial precision 

and has therapeutic potential for keratoconus and vision correction [160, 162]. Notably, the laser 

parameters used in corneal stroma crosslinking overlap with this study's wound healing lasing 

condition. To the best of the author's knowledge, this study showed the first pieces of evidence of 

possible NIR femtosecond laser-induced alteration of epithelial-stromal interactions, affecting not 

only epithelial cells and stromal keratocyte network but also potentially the ECM structure due to 

the collagen CxLs introduced by the laser treatment. It would be crucial to investigate further laser-

induced ROS's therapeutic efficacy on wound healing from the combinatory treatment on cellular 

signaling dynamics, ECM and ECM-derived proteins, and biomechanics.  

 

 

 

 

 

 

 

 

 



 50  

 

Chapter 3 : Reactive Oxygen Species Accelerated Glycation for 

Oxygen-Independent Corneal Cross-Linking 

3.1 Introduction 

Keratoconus (KCN) is a noninflammatory condition in which the cornea progressively 

thins, weakens, and assumes a conical shape [251]. KCN usually begins in adolescence and 

gradually progresses, resulting in irregular astigmatism, myopia, and protrusion [252]. In some 

cases, KCN leads to blindness and is a leading cause of corneal keratoplasty in developed countries 

[253]. Management of KCN usually begins with spectacle correction. As KCN progresses, 

specially fitted contact lenses are prescribed to reduce KCN-induced distortion. If continued 

progression results in unacceptable vision, keratoplasty is usually recommended [254].  

It has been shown that there is an overall reduction in enzymatic collagen crosslinks (CxLs) 

within corneal collagen fibrils by lysyl oxidase (LOX), which catalyzes the formation of covalent 

bonds between lysine or hydroxylysine groups of C and N terminus of tropocollagen triple helix, 

the building blocks of collagen fibrils [81]. In the last decade, collagen crosslinking has gained 

traction as a promising treatment modality for KCN because collagen fibril-comprised corneal 

stromal extracellular matrix (ECM)  with more artificially introduced, non-enzymatic CxLs is 

biomechanically strengthened [255]. 

Activation of riboflavin solution (riboflavin-5-phosphate, or R5P) with ultraviolet A 

(UVA) light at 365 nm as a non-enzymatic collagen CxL has, in the past 20 years, become a 

prevalent CxL for treatment of KCN [7, 196, 256]. Upon activation with ultraviolet light, the 

riboflavin molecule generates reactive oxygen species (ROS) through both type I and type II 

mechanisms depending on the oxygen availability [196]. Importantly, previous studies have shown 

that oxygen and the type II mechanism are crucial for the effective stiffening effect of UVA-
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Riboflavin crosslinking (UVA-Riboflavin-CxL) [70]. Drawbacks of traditional riboflavin-

mediated CxL include UV-light's cytotoxic effects on stromal keratocytes and endothelium cells 

for corneas that are not sufficiently thick, and the removal of epithelium for required for R5P 

absorption into the stroma and open access to oxygen for the anterior stroma [257, 258].  

Recent adaptations of UVA-Riboflavin-CxL have made significant progresses in 

transepithelial CxL efficiencies. To address the epithelium barrier, oxygen supplementation 

methods such as iontophoresis (I-CxL)[259], additional oxygen flow [260], and physical 

modifications (laser micro-channeling [261] or flaps [262]) are proposed; however, these methods 

are either heavily equipment reliant or difficult to clinically administer.  Chemical protocols that 

promote trans-epithelial CxL penetration employes agents such as benzalkonium chloride (BAC) 

[263], ethylenediaminetetraacetic acid (EDTA) [264], or penetration enhancers (Bichsel AG, 

Interlaken) [265] are also developed with varying results in long term stability and cytotoxicity. 

Other than riboflavin, wavelength-specific photosensitizers such as Rose Bengal with arginine 

activated at 560 nm [72] and Bacteriochlorophyll Derivative (WST-11) activated at 755 nm [266-

268] have been reported to facilitate corneal CxL without oxygen; as such, different CxL 

mechanisms facilitated by molecules rather than riboflavin show great promise in developing 

robust epithelium-on, oxygen independent treatments for KCN.   

Another type of non-enzymatic collagen CxL is mediated by Advanced Glycation End 

product (AGE). In the cornea, glycation originates from both natural aging and diabetes mellitus 

(DM). Latter is signified by chronically elevated blood glucose levels that may be due to inefficient 

usage of insulin due to autoimmune response or acquired insulin resistance [86]. Diabetic 

complications affect the cornea in multiple ways and manifest in collagen structure as increased 

stromal stiffness due to additional non-enzymatic CxLs following prolonged hyperglycemia. 
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Evidence suggests that CxLs in DM could protect the cornea from KCN development and 

progression [81]. This non-enzymatic collagen crosslinking pathway is advanced glycation end 

(AGE) product-mediated CxL via the Maillard reaction. The Maillard reaction is associated with 

the reaction of proteins and sugars. It proceeds via the conversion of a primary amine on amino 

acid residues of lysine or arginine, which produce a Schiff base. The Schiff base then undergoes 

Amadori rearrangement, eventually producing stable AGE-mediated CxLs [269]. In addition to 

DM, AGE-mediated CxL also occurs during aging; though KCN is known to stabilize with age, it 

is unclear if AGE-mediated CxL in aging has a direct role in halting KCN progression [130]. 

Given the clear therapeutic effect of riboflavin-mediated CxL, and the consistent stiffening 

effect of AGE-mediated CxL on corneal stroma, further studies evaluating non-enzymatic CxL via 

the Maillard reaction as a therapeutic approach for crosslinking are warranted. Although glycation 

is a slow process in physiological conditions and usually takes days of incubation for significant 

CxL to accumulate in vitro or ex vivo, prior studies have shown that the presence of UV light can 

catalyze the CxL process. It is hypothesized that UV light generates ROS, which act as catalysts 

in the glycation-based CxL [270]. Additionally, smaller open-ringed sugars, such as pentoses, have 

been shown to drive the glycation-mediated CxL process in the absence of oxygen [271]. Further, 

ribose, an open ring, five-carbon sugar, is a suitable agent for glycation. Ribose has a crosslinking 

efficacy surpassing sugars like glucose but poses less cytotoxic effects like more reactive sugars 

like methylglyoxal [272].  

Although the primary goal of corneal CxL is to enhance biomechanical properties and to 

stop the progressive steepening of the cornea in KCN, studies have found a slight increase in visual 

acuity and flattening of cornea achieved. This led to a number of investigations on whether UVA-

Riboflavin-CxL can be utilized for vision correction. Most of these studies utilized the 
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photorefractive intrastromal crosslinking (PiXL) system with the Mosaic CxL device from 

Glaukos Crop and Avedro Inc [273-275]. However, compared to refractive surgeries dedicated to 

vision correction such as Laser-Assisted In Situ Keratomileusis (LASIK), Photorefractive 

Keratectomy (PRK), or Small Incision Lenticule Extraction (SMILE), the viable correction range 

of refractive power using UVA-Riboflavin-CxL is relatively small. The mild diopter changes are 

usually observed over long investigative intervals with a possible decreased refractive precision 

[105]. Recently, novel CxL methods for spatially resolved vision correction have been reported. 

First, the use of a 1059 nm, pulsed femtosecond oscillators to induce low-density plasma to create 

ROS from water molecules [160], in which a significant change in diopter (3.45D ex vivo 

porcine/1.64D in vivo rabbits) has been reported. Subsequently,  CxL was achieved via activating 

riboflavin through a two-photon excitation [276] at 760 nm. Notably, in these two studies, the 

cornea was first deformed by a coverslip for accurate laser focusing and scanning, effectively 

crosslinking the cornea in a loaded state. Further, the effects of mechanical loading while CxL on 

the diopter change were investigated by crosslinking annulus-shaped region of corneas with UVA-

Riboflavin while subjected to loading in the apical zone [277] and a significant steepening was 

achieved. Previous studies have also investigated whether intermittent CxL and deformation can 

be effective in promoting visual correction in monkeys. Typical Dresden protocol was applied on 

monkey eyes in vivo after deformation through Ortho-K lenses, which are rigid vision correction 

lenses designed to be applied overnight. However, results showed that CxL slowed the regression 

of Ortho-K (corneal returning to the original shape) for a short duration, but it is difficult to sustain 

its effect [278].  

We hypothesize that ROS-Glycation-CxL with simultaneous mechanical loading could 

enhance the biomechanical properties of the cornea and flatten the corneal curvature significantly. 
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The two constituents of the proposed CxL method may offer broad therapeutic application 

potential because ROS generation may be instrument and wavelength independent, while AGE-

mediated bonding is a pathologically and physiologically relevant form of nonenzymatic collagen 

CxL. This study has two aims: to investigate the effectiveness of ROS-accelerated, ribose-

mediated corneal CxL while limiting the anterior cornea's access to oxygen, and to see whether 

such a CxL method can be applied simultaneously with mechanical deformation to adjust the 

corneal curvature and thus correct vision.  

 

3.2 Materials and Methods 

A detailed light sources summary can be found in the Appendix (Table 8-2).  

3.2.1 Treatment Light Source Configurations 

We used 3 different light sources to accelerate glycation-mediated CxL: a UV lamp, a 

femtosecond laser with a central wavelength at 1069 nm, and a femtosecond laser with a central 

wavelength at 400 nm.  

UVA light irradiation has been performed with a UV lamp that emits 365 nm light (Crystal 

Industries, USA). The distance between the UVA lamp bulb and the top surface of the sample was 

controlled such that an average power per area of 3 mW/cm2 was maintained at all times, as 

measured by a UV light meter (Sper Scientific Arizona, USA). 

For glycation acceleration using femtosecond laser emitting 1069 nm wavelength light, a 

fiber oscillator (Fidelity II, Coherent, Santa Clara, CA) with a 52-femtosecond pulse duration was 

used. The laser was focused with a Zeiss Plan-NeoFluar 40x objective to produce 450 mW average 

power after the objective with an effective numerical aperture of 0.146. A raster scan regime was 

performed with a 25 μm increment zig-zag pattern in a 3mm diameter circular pattern parallel to 
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the cornea and 10 layers of consecutive treatment planes covering the anterior 200 μm into the 

depth of the sample. The rasterization was achieved by moving enucleated eyes mounted onto a 

custom-built holder, and placed onto a 3-axis motorized translational stage (Z825B and PT1, 

Thorlabs, Newton, NJ). The sample was moved at a speed of 2.6 mm/s and a maximum 

acceleration of 4 mm/s2 (Figure. 3-1A). 

For glycation acceleration using femtosecond laser emitting 400 nm wavelength light, a 

tunable wavelength Ti:Sapphire oscillator (Chameleon Ultra II, Coherent, Santa Clara, CA) with 

a 120-femtosecond pulse duration was used. The out-of-cavity laser wavelength was centered 

around 800 nm. In order to double the laser frequency, the out-of-cavity 1.2 mm diameter laser 

beam was first expanded using a beam expander (BE-02-05X, Thorlabs, Newton, NJ) into a 3mm 

diameter and then focused into a BBO crystal (THG800(I)-A05-100 fs, Newlight Photonics, 

Toronto, Canada) for type I second harmonic generation to generate 400 nm wavelength beam, 

which was filtered out of the 800 nm beam by a harmonic separator (HS10-R400/T800, Newlight 

Photonics, Toronto, Canada). The focusing and zig-zag lasing pattern was achieved by using the 

same protocol as for the 1069 nm femtosecond laser described above. However, the after-objective 

average power was 250 mW at an effective numerical aperture of 0.366 (approximately 2.5x beam 

waist), and the rasterization was accomplished using 6-axis motorized stage-hexapod (H-

840.D2A-AXIS_X, Physik Instrumente, USA) at 5 mm/s and a maximum acceleration of 60 mm/s2 

(Figure. 3-1B). 
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3.2.2 Tissue and Experimental Groups 

A total of 27 pairs of fresh rabbit eyes (54 corneas) with no visible signs of corneal 

abnormality were obtained from a local live poultry vendor (La Granja Live Poultry Corporation, 

NY, USA) within 1 hour of sacrifice. Each eye was enucleated, and its epithelium was removed 

with a surgical scalpel. The eye pairs were divided into 2 cohorts, Group1 and Group2, respectively. 

Group1 (n=12 rabbits, and 24 eyes) was used to assess the ROS-Glycation-CXL efficiency relative 

to UVA-Riboflavin-CxL. Eye pairs in Group2 (n=15 rabbits, 30 eyes) were utilized to assess 

corneal flattening. 

In Group1, corneal buttons (Ø 3 mm) were biopsy punched from eyes harvested from the 

OS and OD eyes. Typical positions of the biopsy punch extraction are apical, nasal, temporal, 

inferior, and superior sites. The locations of the biopsy punches were always symmetrical between 

the OS and OD eyes to avoid intra-cornea sample bias from spatial modulus difference [279]. For 

Figure 3-1. Femtosecond lasers were optical aligned in free space to the focusing 

objective, which was mounted in A) the 3-axis linear actuation stages, or above B) the 6-axis 

hexapod motor system. C) Ex vivo corneal sample selection and preparation for laser treatment 

and mechanical testing. (D) Corneal buttons were photochemically laser-treated at the 

objective focal plane underneath a coverslip. 
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each animal, at least one button from both the OS and OD eye was chosen as the CxLed tissue to 

avoid inter-cornea sample bias. For each symmetrical pair of corneal buttons, one was subjected 

to crosslinking (either UVA-Riboflavin-CxL or ROS-Glycation-CxL), and the other served as 

paired control that was subject to the same condition except for light exposure (Figure. 3-1C). 

UVA-Riboflavin-CxL served as a positive control. Corneal buttons were exposed to 20% ribose 

(Sigma-Aldrich Inc., USA) PBS (HyClone/Cytiva, USA) for 1 hour and divided into sub-groups 

1A, 1B, and 1C (n=3 each), based on what type light exposure treated buttons received. The corneal 

anterior surfaces of all buttons were pressed with a glass coverslip to minimize oxygen 

replenishment. Sub-groups 1A and 1B were irradiated with femtosecond laser with 450 mW 

average power at 1069 nm wavelength and 250 mW average power at 400 nm wavelength, 

respectively (Figure. 3-1D). 1C was exposed to a 365 nm UVA lamp for 1 hour, with treated 

buttons receiving average power per area of 3 mW/cm2. Sub-group 1D (n=3) was CxLed following 

the well-established Dresden protocol for UVA-Riboflavin-CxL (positive controls) using the 0.1% 

riboflavin-5-phosphate in 20% dextran 500 (Sigma-Aldrich Inc., USA) solution. All corneal 

buttons were left in the 4C fridge in PBS to reach hydration equilibrium overnight and 

mechanically tested the next day.  

In Group2, 30 intact eyeballs (15 rabbits) were enucleated and all eye pairs were divided 

into sub-groups 2A, 2B and 2C, based on the light exposure. In sub-groups 2A (n=6 pairs) and 2B 

(n=6 pairs), 24 eyes were placed into custom-build holders. Intraocular pressure was kept at 18-

20mm H2O through an IV system with needles connecting at the posterior side of the eyeball.  

After mounting onto holders, 20% ribose in PBS solution was applied and eyes were left to 

incubate for 1 hour. After the incubation, all apical eyeballs were pressed with a glass coverslip 

until the contact between the cornea and the coverslip reached approximately 3mm in diameter. 
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Then for each pair, one eye was subjected to ROS-Glycation-CxL, and the other served as a paired 

control. In sub-group 2A, treated eyes were exposed to 1.5 hours of UVA lamp irradiation, whereas 

sub-group 2B's treated eyes were exposed to 3 hours of UVA lamp irradiation. The corneas 

remained deformed with the coverslip until the treatment was finished. 

In sub group 2C (n=3 pairs), in order to investigate the mechanical difference between the 

1.5 hours and 3 hours irradiation groups, corneas were biopsy-punched and evaluated by the 

nanoindentation protocol described above. For each pair of corneal buttons, both were subjected 

to ROS-Glycation-CxL, but one was UVA-irradiated for 3 hours and the other was irradiated for 

1.5 hours.  

3.2.3 Corneal Topography and Optical Coherence Tomography  

Effective refractive power (Eff. RP) was measured using a handheld topographer (EyeSys 

Vista, Texas, USA) for Group 2A and 2B eyes. The time history of change of Eff. RP was obtained 

by measuring topography at regular time intervals. The first measurement (Time Point 1 in Figure. 

5 A, B) was made about 0.5-1 hour after the eyes were mounted onto a custom-built holder and 

attached to an IV system, which kept the intraocular pressure at 18-20 mm H2O (the initial setup). 

Time point 1 represents the baseline refractive power after stabilization at the controlled 

intraocular pressure before any alterations. The second time point was measured at 2 hours after 

the initial setup, and represents the refractive power after the ribose solution application. The time 

point 3 represents Eff. RP measurement at 3.5 hours for Group 2A or 5 hours for Group 2B, and 

represents refractive power after ROS-Glycation-CxL + mechanical loading or mechanical loading 

only for control eyes. The fourth, fifth, and sixth time points represent the refractive power post-

treatment evolution, with the seventh point being the final refractive power of each cornea at 

approximately 10 hours after sacrifice. Multiple topographies were taken at each point, and the 
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average was calculated as the representative refractive power. The corneas' cross-section and 

apical thickness were measured using an optical coherence tomographer (OQ LabScope Lumedica, 

North Carolina, USA) at the same time points described above. The thickness of the corneas was 

first segmented in ImageJ and calculated using a constant pixel-to-length conversion factor. 

3.2.4 Multiphoton Imaging  

The autofluorescence and second harmonic generation (SHG) signals of the corneal tissues 

in Group A were investigated to reveal the presence of CxLs and structural changes in collagenous 

ECM after hydration equilibrium in PBS on the same night of individual treatment days. Imaging 

was performed with a Nikon TI Eclipse inverted microscope using a Ti:Sapphire laser Chameleon 

Ultra II at 860 nm as the light source and a Nikon Apo LWD 20x objective for focusing at the 

Columbia University Herbert Irving Comprehensive Cancer Center (HICCC) Confocal and 

Specialized Microscopy. The emission filter was set at the FITC channel (475-650 nm, peak 525 

nm) for autofluorescence signal collection and at the DAPI channel (400-600 nm, peak at 457 nm) 

for SHG signal collection. The XY scanning area for each sample was 635 μm by 635 μm, and Z 

scanning was 100 μm deep with 10 μm increments (stack of 11 images per sample). The 

summation of the average grey value processed in Image J at each layer was used as the 

representative signal strength for each sample. 

3.2.5 Corneal Anterior Surface Nanoindentation 

After overnight incubation in PBS at 4C to reach equilibrium hydration, trephined corneal 

buttons were allowed to return to room temperature the next morning after the respective treatment 

days while glued to the bottom of a petri-dish with the anterior surface of the corneal button facing 

upward. A displacement-controlled indenter (Piuma, Optics11, Amsterdam, The Netherlands) was 

used to perform micro-indentations on top of the sample surface submerged in PBS; for each 
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sample, multiple tests were performed following an array of 16 equally spaced (4 x 4) contact 

points with a spacing of 100 μm to 150 μm, covering roughly a 0.4*0.4 mm2 area at the center of 

each corneal button. A spherical glass probe with a 34 μm radius and 0.2 N/m stiffness was used 

for samples in Group 1A; another spherical glass probe with a 25.5 μm radius and 4.09 N/m 

stiffness was used for Groups 1B, 1C, 1D, and 2C. The indentation process at each contact point 

was comprised of three consecutive steps of loading Piezo movement of 5 μm for 2 seconds, 

holding time of 5 s, and unloading for 2 seconds. The load-relaxation curves obtained after 

indenting each point were then processed using a viscoelastic model to obtain equilibrium modulus 

and viscoelastic ratio following a fitting algorithm developed by Oyen [187] (Figure. 3-2A). 

 

3.3 Results 

3.3.1 Mechanical Validation of CxL 

The equilibrium modulus significantly increased after ROS-Glycation-CxL for all three 

light sources, whereas the paired controls for all groups had a similar average modulus of around 

15 kPa. The equilibrium modulus of CxLed corneas significantly increased to 26.8±12.5 kPa for 

1069 nm laser treatment in Group 1A (p<0.01), 63.2±20.4 kPa for 400 nm laser treatment in Group 

1B (p<0.001), and 115.3±40.0 kPa for 365 nm UVA lamp treatment for Group 1C(p<0.0001). The 

positive control group with cornea CxLed with the UVA-Riboflavin-CxL protocol also 

significantly increased equilibrium modulus to 114.1±29.0 kPa (p<0.0001) (Figure. 3-2B). 
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No significant changes in the time-dependent viscoelastic ratio were found in all ROS-

Glycation-CxL samples and non CxLed paired controls regardless of the light source used for 

glycation acceleration. However, corneal tissues CxLed with the UVA-Riboflavin-CxL protocol 

have a more elastic response (0.63±0.04) compared to their respective paired controls (0.52±0.06) 

(p<0.001) (Figure. 3-2C). 

No significant difference in the change of the equilibrium modulus was found in Group 2C: 

extended exposure to the UVA lamp irradiation from 1.5 hours to 3 hours ROS-Glycation-CxL 

treatment has not produced additional stiffening. However, 3 hours UVA irradiation yielded a 

significantly higher viscoelastic ratio (0.61±0.11) compared to samples irradiated for 1.5 hours 

(0.51±0.06) UVA light with ROS-Glycation (p<0.01) (Figure. 3-5D). 

3.3.2 Multiphoton Imaging  

The autofluorescence signal intensity of the anterior 100 μm of corneal tissues increased 

significantly for all three ROS-Glycation-CxL groups with 1060 nm laser treatment in Group1A 

Figure 3-2. A) Representative stress-relaxation curves from CxLed and control corneal 

buttons. B) Statistically significant differences found between average equilibrium modulus 

of CxLed and paired control samples for Group1 A, B, C for ROS-Glycation-CxL and D for 

UVA-Riboflavin-CxL. C) Viscoelastic ratio calculated from instantaneous and equilibrium 

moduli. 
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(127±43) (p<0.01), 400 nm laser treatment in Group 1B (36±8) (p<0.05), and 365 nm UVA lamp 

treatment in Group 1C (36±6) (p<0.01) compared to the respective paired controls (52±21, 28±2, 

28±2).  However, the observed difference is small in magnitude when compared against the 

autofluorescence increase observed in corneal buttons subjected to the UVA-Riboflavin-CxL 

protocol (2205±165 to 98±16) (p<0.0001). An apparent signal increase can be observed in laser 

scanning tracks for 400 nm laser treatment (Figure. 3-3C) but not for 1060 nm laser treatment 

(Figure. 3-3A). 

The second harmonic generation signal intensity of the anterior 100 μm corneal tissues 

decreased significantly for all three ROS-Glycation-CxL groups with 1060 nm laser treatment in 

Group1A (665±486) (p<0.01), 400 nm laser treatment in Group 1B (151±172) (p<0.001), and 365 

nm UVA lamp treatment in Group 1C (103±87) (p<0.0001) compared to the respective ribose only 

controls (1316±295, 596±102, 561±169). Conversely, UVA-Riboflavin-CxL protocol CxLed 

corneas showed increased SHG signal (33159±2558) compared to R5P exposed paired control 

(21349±3166). A clear decrease of signals can be observed in laser scanning tracks for 400 nm 

laser treatment (Figure. 3-4C) but not for 1060 nm laser treatment (Figure. 3-4A). 
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Figure 3-3. Autofluorescence signal intensities from multiphoton imaging for 

treatment Group 1A, B, C, D. Statistical significances were found for all treated and control 

pairs. Representative autofluorescence image stacks (612 *612*100 μm) were shown. 

Figure 3-4. Second harmonic generation (SHG) signal intensities from multiphoton 

imaging for treatment Group 1A, B, C, D. Statistical significances were found for all treated 

and control pairs. Representative SHG image stacks (612 *612*100 μm) were shown. 
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3.3.3 Corneal Anterior Surface Topography  

The averaged time histories of corneal topography showed a sustained drop of Eff. RP after 

recovering slightly from coverslip flattening in all ROS-Glycation-CxLed eyes in Groups 2A and 

B. The paired control eyes under 3 hours loading experienced a more obvious drop in diopters 

compared to 1.5 hours loading, which had a close to zero response to coverslip flattening. However, 

all controls recovered to the baseline refractive power at the 10 hours time point. The average 

effective refractive power difference was calculated for each eye by subtracting the baseline 

diopter measured at the 0.5 hour timepoint from subsequent time points measurements. The diopter 

difference between the baseline and the third timepoint was calculated as the "immediate diopter 

drop". Similarly, the "sustained diopter drop" was calculated between the baseline and the final 

timepoint. There is a significant decrease in refractive power immediately after 1.5 hours 365 nm 

UVA lamp irradiation of 4.3±1.6 diopters (p<0.01) in Group 2A and immediately after 3 hours 

irradiation of 9.6±2.0 diopters (p<0.0001) in Group 2B while simultaneously flattened under the 

coverslip compared to the control eyes without light exposure (0.3±0.9 D, 3.0±2.0 D). At the 10 

hours time point, the decrease in refractive power slightly recovered but stabilized at 2.5±0.9 

diopters (p<0.01) in Group 2A and 5.0±0.7 diopters (p<0.0001) in Group 2B, whereas paired 

controls returned to baseline (-0.2±0.45 D, 0.1±0.5 D). In general, the effective refractive power 

changes introduced by the 3 hours treatment were more pronounced compared to the 1.5 hours 
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treatment changes, and the altered diopter stabilized about 6 hours after the treatment (Figure. 3-

5A, 5B and 5C).  

 

3.3.4 OCT and Corneal Apical Thickness 

Representative OCT pictures at the apical cornea at the initial, third, and final time points 

recorded increased cornea thickness for all eyes under the IV system's controlled, artificial 

intraocular pressure. Notably, the central flattening of the cornea by the coverslip produced slight 

curvature changes at the central apex approximately in the size of the cornea-coverslip contact area 

around 3mm diameter for samples exposed to 365 nm UVA light. 

Figure 3-5. (A) Time-history of effective refractive power variations over 10 hours for 

Group 2A and B. Shaded areas are standard deviations for time histories from all samples. (B) 

Significant immediate and sustained refractive power drop average differences were found 

between CxLed and control pairs. (C) Simultaneous ROS-Glycation-CxL and mechanical 

flattening illustration for Group 2A and B. (D) Equilibrium modulus and viscoelastic ratio 

from nano-indentation for Group 2C.  
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The difference in the average apical thickness was calculated for each eye by subtracting 

the pixel length measured at the 0.5 hour time point from the third time point as the "immediate 

thickness change" and from the final time point as the "sustained thickness change". For Group 

2B, the simultaneous coverslip flattening and 3 hours ROS-Glycation-CxL treatment produced a 

significant 462±46 nm thickness increase immediately after treatment compared to the loading-

only control 326±110 nm (p<0.05). There was no significant difference in sustained thickness 

change between the treated (232±85) and control (201±95). For Group 2A, the simultaneous 

coverslip flattening and 1.5 hours ROS-Glycation-CxL treatment had no significant thickness 

change difference immediately after treatment (308±111 nm) compared to the loading-only control 

(247±108 nm). Similarly, there was no significant difference in sustained thickness change 

between the treatment (124±65 nm) and control eyes (139±97 nm) compared to the baseline. The 

thickness changes introduced by the 3 hours treatment were generally more pronounced than the 

1.5 hours treatment changes (Figure. 3-6). 

Figure 3-6. (A) Representative optical coherence tomography (OCT) at the apical cornea 

for each treatment and control condition. (B) The average change between the initial and third 

timepoint, and between the initial and final apical thickness measurements from OCT the 

paired corneas in each group. 
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3.4 Discussion  

We have investigated the synergistic effects of ROS and non-enzymatic glycation using 

ribose on crosslinking rabbit corneal stroma tissues. The cornea accounts for a majority of 

refractive power in the ophthalmic system, and the biomechanical strength of the load-bearing 

stroma is crucial for maintaining appropriate curvature for light refraction into the retina under 

intraocular pressure [4]. Prevalent diseases such as KCN have been shown to cause a decrease in 

the mechanical strength in corneal stroma where UVA-Riboflavin crosslinking is adapted as a 

treatment to retard disease progression in astigmatism and keratoconus [280]. In this study, non-

enzymatic glycation accelerated by ROS created from multiple wavelengths was used as an 

alternative crosslinking method to change the mechanical and refractive properties of the cornea. 

Though glycation itself is able to generate crosslinking, in physiological temperature, this process 

usually takes days of incubation, and sugars like ribose and glucose alone are relatively ineffective 

crosslinkers [272, 281]. Previous studies have shown that oxidative stress and the introduction of 

photo-generated ROS are catalytic to the CxL reaction to expedite the process of AGE-mediated 

crosslinking [85]. Here, we combined ribose solution with a light source to accelerate AGE-

mediated CxL in the corneal stroma. Additionally, we paired CxL with mechanical deformation to 

change the corneal curvature and thus correct vision, similarly to our previous study. Three 

different light sources were used to catalyze glycation CxL process infrared (IR) femtosecond 

laser, UV-A lamp and a UV femtosecond laser. Our previous study has shown that IR femtosecond 

laser with a nano-joule pulse energy can produce low-density plasma in the interior of the corneal 

stroma, which in turn ionizes and dissociates interstitial water, resulting in ROS production. 

Second, a UV-A lamp with a central wavelength of 365 nm was chosen as it is a typical light 

source used in the traditional corneal crosslinking protocol using riboflavin-5-phosphate, and free-
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radical species are generated by exposure of collagen to UV light. Finally, we converted an 800 

nm Ti: Sapphire oscillator beam with femtosecond pulse duration to 400 nm through the type I 

SHG mechanism to investigate the effect of ROS generated by UVA/blue light range ultrafast laser 

[282]. It is worth mentioning that the method of ROS generation does not depend on the coherence 

and wavelength of the light source.  

As pentoses were shown to be oxygen independent in the glycation process [271], we 

minimized oxygen accessibility in the CxL process. Due to the coverslip pressing against the 

anterior surface of the cornea, and the surrounding ribose PBS solution, oxygen availability during 

UVA irradiation was limited. To further limit oxygen exposure, ribose solution was intentionally 

not replenished every five minutes) during UVA exposure; however, to make sure that there were 

enough sugar molecules, we compensated with a high concentration of ribose (20%) in the PBS 

solution. 

Measurements of the equilibrium modulus and the time-dependent viscoelastic ratio at 

multiple locations within a prescribed indentation matrix after ROS-Glycation-CxL were 

performed. Micro indentation tests with a 5 μm indentation were chosen as the mechanical test to 

focus on the mechanical behavior of the treated region: for laser treatments, the treatment volume 

focused at only the anterior 200 μm; for UVA lamp treatments, previous studies have also shown 

that the Dresden protocol had a demarcation line around the 200 μm from the anterior surface. For 

all three ROS generation methods to accelerate ribose-based glycation, the average equilibrium 

modulus of CxLed tissue is significantly higher than the ribose-exposed-only, coverslip-pressed 

control. Out of the three groups, the 1060 nm laser-treated group stiffened the smallest amount at 

450 mW at 26.7 kPa, ~3.8 fold of control's modulus, followed by the 400 nm laser-treated group 

at 100 mW at 63.2 kPa, ~4.6 fold of controls modulus. Notably, 1 hour irradiation of 365 nm UVA 
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lamp treatment yielded a modulus of 115.3 kPa, ~8.2 fold of paired control modulus. This 

magnitude of equilibrium modulus change is on par with the UVA-Riboflavin-CxL, establishing 

the strong stiffening potential of the ROS-Glycation-CxL.  

Here it should be noted that, although the depth of treatment with lasers and UVA lamp 

are approximately the same, the total treatment volume is much smaller for lased samples because 

the ROS are likely generated only within and in the vicinity of the focal volume, whereas the UVA 

lamp affects the entirety of the exposed stroma. For example, assuming a 3 mm diameter, 200 μm 

deep cylindrical stromal volume, the UVA lamp covers the entire 1.41x10-9 m3 volume.  However, 

based on the effective multiphoton focal volume size and our current raster scan regime [160, 162, 

236], the IR laser treatment and the UV laser treatment only cover 9.98x10-11 m3 and 1.40x10-11 

m3, respectively, which is approximately only one-hundredth of the entire volume.  

None of the ROS-Glycation-CxL treatments produced a significant difference in the time-

dependent viscoelastic ratio when compared against paired controls. In contrast, the UVA-

Riboflavin-CxL produced a more elastic response in the tissue, meaning there is a smaller 

difference between the initial contact force and equilibrium force in the load-relaxation curve. This 

difference between the two crosslinking mechanisms might be due to different crosslinking sites 

in the stroma ultrastructure, which determines how the collagen lamella and fibrillar structure 

crimp, rotate and stretch under loading for the micro indentation test [3, 283]. 

Collagen autofluorescence has been used as another indicator for the formation of crosslinking 

[284]. It has been shown that for UVA-Riboflavin-CxL, the signal intensity of collagen 

autofluorescence positively correlates with crosslinking efficiency and biomechanical 

enhancement [285]. Additionally, after infrared femtosecond laser ROS-induced crosslinking, 

collagen autofluorescence signal has also been reported to increase in the raster-scanned region 
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[160]. For all three ROS generation methods, after ROS-Glycation-CxL, the autofluorescence 

signal intensity, as the sum of grey values in the imaged volume at the anterior 100 μm stroma, 

slightly increased compared to the paired control (Figure. 4-3). For the positive control group, the 

autofluorescence signal of the UVA-Riboflavin-CxL protocol CxLed group has also increased as 

expected. However, the magnitude of autofluorescence change is dramatically different. We 

suspect that the emission window used in this study, between 475 nm to 650 nm, covers the 

flavoproteins (emission peak at 550 nm) that originate from the riboflavin-5-phosphate induced 

crosslinking but does not cover the pentosidine-type crosslinking (emission peak at 380 nm) that 

might from in glycation process [286]. 

The second harmonic generation signal captured in corneal stroma comes from the 

interaction of light with non-centrosymmetric structures in collagen type I. Due to this underlying 

intrinsic origin, the signal is highly sensitive to collagen fibril and fiber ultrastructure, which is 

subject to change after CxL [287]. We observed a statistically significant increase in the summary 

of grey value at the most anterior 100 μm of UVA-Riboflavin-CxLed cornea tissues. In contrast, 

we observed statistically significant decreases of SHG signal in treated tissues after ROS-

Glycation-CxLed for all three light sources. Interestingly, for the 365 nm UVA-lamp irradiated 

and 400 nm laser-treated groups with higher stiffening, the SHG signal decreased more than the 

1069 nm laser-treated group with less mechanical strength modification. We suspect the different 

trends observed in SHG signal alterations after CxL are partially due to how ROS-Glycation 

changed the original collagenous ECM structure in a different mechanism than the UVA-

Riboflavin. It is also possible that compared to Riboflavin-5-Phosphate, Ribose might not have 

had equally effective protection against ultraviolet light, and there was potentially some fibrillar 

scission or unraveling due to highly concentrated exposure to ROS. 
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Overall, we observed laser scanning patterns in the 400 nm group but not in the 1060 nm 

group. There might be two reasons behind this. First, though the average power at 1060 nm (450 

mW) is higher than the power at 400 nm (100 mW), due to out-of-cavity beam expansion required 

for the SHG crystal, the 400 nm beam path had a much higher effective numerical aperture, 

resulting in a much more focused beam. Second, it has been shown that high UV, blue wavelength 

is much more effective at collagen manipulation in the corneal tissues compared to the IR or near-

IR wavelength. This trend of increased autofluorescence and decreased SHG signal coincidently 

agrees with other studies using femtosecond oscillator's manipulation with collagenous tissue in 

similar studies [288-290]. 

In order to investigate ROS-Glycation-CxL's potential for introducing vision correction 

and changing anterior corneal curvature, the 365 nm UVA Lamp irradiation treatment group with 

the highest equilibrium modulus enhancing capability was chosen. We have previously 

investigated the effect of simultaneous loading and UVA-Riboflavin-CxL on corneal curvature 

change for a steepening effect, where the central 1.5 mm diameter cornea was blocked from light 

exposure, and the cornea was in a tensile loading state during CxL [277]. However, to create a 

flattening effect, the central cornea must be pressed against a transparent surface such as a 

coverslip so that the mechanically loaded surface is still CxLed. This configuration is challenging 

for UVA-Riboflavin-CxL because the process is oxygen-dependent, but continuous mechanical 

flattening blocks oxygen access. Alternatively, ribose-induced oxygen-independent ROS-

Glycation-CxL is ideal for verifying the simultaneous flattening and CxL effect on corneal 

curvature.  

Two irradiation times were chosen to test the flexibility of the vision correction magnitude. 

Data from corneal topography shows a sustained five diopter drop from 3 hours treatments and a 
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sustained 2.5 diopter drop from 1.5 hours treatments. Mechanical flattening by the coverslip also 

had an observable effect on the decrease of effective refractive power, but this effect can be seen 

to have fully recovered by the final time point. From OCT, all corneas experienced a significant 

increase in thickness, possibly due to swelling by the IV system, constant replenishment of PBS 

on the anterior surface for the artificial tear film creation required for topography, and mechanical 

flattening. Only the combination of 3 hours flattening and UV exposure produced a significant 

increase in apical thickness compared to flattening only control, showing that glycation-CxL for a 

continuous of 3 hours might have induced corneal edema and be the upper limit of practical 

treatment envelope. Indentation results comparing 1.5 hours and 3 hours treatment groups also 

showed that there was no significant difference in mechanical properties on the micro-scale at the 

anterior corneal surface; however, the change in time-dependent viscoelastic properties might be 

the reason for the magnitude difference on the stabilized time history evolution of corneal 

curvatures. It might be necessary to investigate whether bulk modulus differs between shorter and 

longer UVA irradiation to understand the macro-mechanical behavior of the ROS-Glycation-CxL 

corneas.  

To improve ROS-Glycation-CxL's practicality, we plan to focus on lower sugar 

concentration and repeated, shorter durations of UVA lamp irradiation in the future for more 

practical clinical translation. Also, since laser oscillator treatments effectively enhanced the 

corneal mechanical properties, 400 nm blue light laser treatment shows great promise as a ROS 

distribution model since it only required a relatively low power to be efficient in CxL and may 

demonstrate a specially resolved treatment pattern for more complexed CxL patterns. Dextran or 

isotonic solutions can be adapted to control the swelling and hydration content of the cornea to 

improve corneal edema caused by mechanical deformation and glycation [291]. Additionally, ROS 
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accelerated glycation crosslinking (ROS-Glycation-CxL) could be suitable for trans-epithelial 

CxL in the cornea, as ribose molecules' size may be sufficiently small (150.13 Daltons) to permeate 

through the epithelium and oxygen independence [292-294]. 
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Chapter 4 : Effects of Combining External Mechanical Loading 

with Simultaneous Collagen Crosslinking onto Corneal Curvature 

and Stromal Ultrastructure 

4.1 Introduction 

The cornea is an essential component of the ocular system, providing up to 75% of the 

eye's focusing power [295]. The primary layer that accounts for 90% of the corneal thickness, the 

stroma, is comprised mainly of water, elongated cells called keratocytes, and surrounding 

extracellular matrix (ECM). The ECM includes collagen, proteoglycans, glycoproteins and other 

soluble proteins [3]. The ultrastructure of corneal stroma has been extensively studied as many 

degenerative diseases, such as keratoconus (KCN), and surgical procedures, such as collagen 

crosslinking (CxL), perturb the ECM structure and corneal function [7]. In this study, we intend 

to investigate the vision corrective effects of simultaneous external mechanical loading during CxL 

through topography, and the resulting changes of corneal stromal ECM ultrastructure through X-

ray diffraction.  

Collagen accounts for about seven-tenths of the total dry mass of the cornea, and the 

majority of corneal collagens are the fibrillar forming types such as type I, III, and V [296]. The 

corneal collagen network is responsible for biomechanical stability and maintaining transparency, 

both of which are crucial for proper light refraction into the retina at the back of the eyeball [297]. 

The collagen fibrils run in parallel to form layers, or wide belts, called lamellae that are generally 

orthogonal to the optical axis; however, collagen fibrils tend to run in drastically different angles 

with fibrils in adjacent lamellae and contribute to the anisotropic optical and mechanical nature of 

the cornea [298].  
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Within each lamella, to maintain transparency, the collagen fibrils pack in a highly aligned 

and ordered hexagonal lattice-like structure with largely uniform inter-fibrillar distance and fibril 

diameter in the hydration equilibrium [297]. Within each collagen fibril, type I tropocollagen 

molecule is the basic building block and consists of three polypeptide chains in a superhelix 

arrangement. Along the fibril longitudinal axis, tropocollagens pack in a staggered array with a 

repeated offset referred to as the D-periodicity [8]; along the fibril radial direction, the lateral 

separation of the molecules is referred as the intermolecular Bragg spacing [268, 299]. The highly 

regular and periodic fibrillar structure makes the cornea collagen network highly suitable for X-

ray diffraction studies, which can provide structural information about the tissue. When x-rays 

interact with biological tissue structures and get scattered, different interference levels lead to 

diffused interference maxima. For a single layer of lamellae with arrays of parallel cylindrical 

fibrils, the X-ray diffractions appear simply as horizontal and vertical patterns; however, for 

multiple layers of lamellae with multiple fiber directions, the X-ray diffraction appear as a series 

of concentric rings. The location and intensity of the ring maxima correspond to the above-

mentioned corneal collagen ultrastructure features [3].  

Additionally, the load-bearing mechanisms of the cornea heavily rely on the ultrastructural 

inter- and intra-fibrillar changes, including slippage, crimp, reorientation, and volumetric 

deformation [283]. For example, healthy corneas have been shown to deform little over 

physiological ranges of intraocular pressure; in bi-axial inflation tests, it has been shown that the 

majority of the formation due to increase in hydrostatic pressure occur in the peripheral region, 

while the apical region stays un-changed with minimal deformation [300]. This difference in 

stiffness was hypothesized to be due to the radial fibril arrangement in the apex and circumferential 

arrangement in the peripheral region [197, 301]. Using the X-ray diffraction, studies have 
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investigated how strain applied in uniaxial tensile tests (tensile strip testing) affects corneal 

collagen packing: as strain increases, D-period and interfibrillar spacing increases, while fiber 

diameter and intermolecular spacing decreases. These findings suggest that these periodic features 

can be used as indications of rearrangement of collagen ultrastructure during the deformational 

response of cornea to externally applied loadings [283, 302].  

The use of UVA-Riboflavin-CxL therapy for the prevention of keratoconus (KCN) 

progression is widespread due to its unequivocal enhancement of corneal stiffness and increased 

resistance to enzymatic digestion and thermal denaturation. In an effort to investigate the effect of 

UVA-Riboflavin-CxL on corneal collagen ultrastructure, Hayes et al. [295] investigated the 

ultrastructure features of cornea tissues between CxLed and control eyes. However, no significant 

differences were found in any of the relevant features measured by X-ray diffraction. Notably, the 

described CxL procedure was performed on corneas in a relaxed and dissected state, without any 

applied external loading or deformation.  

Although the primary goal of corneal CxL is to enhance biomechanical properties and to 

stop the progressive steepening of the cornea in KCN, studies have found a slight increase in visual 

acuity and flattening of cornea achieved. However, compared to refractive surgeries dedicated to 

vision correction such as Laser-Assisted In Situ Keratomileusis (LASIK), Photorefractive 

Keratectomy (PRK), or Small Incision Lenticule Extraction (SMILE), the viable correction range 

of refractive power using UVA-Riboflavin-CxL is relatively small, and the mild diopter changes 

are usually observed over long investigative intervals with a possible decreased refractive 

precision [105].  

Recently, novel CxL methods for spatially resolved vision correction have been 

investigated, such as using pulsed femtosecond oscillators to induce low-density plasma to create  
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reactive oxygen species (ROS) from water molecules [160] or to activate riboflavin through two-

photon excitation [276]. Notably, in these two studies, the cornea was first deformed by a coverslip 

for accurate laser focusing and scanning, effectively crosslinking the cornea in a loaded state. 

Significant changes in diopters (3.45D ex vivo porcine/1.64D in vivo rabbits) have been reported. 

However, it is unclear how the additional loading and introduced strain affected the CxL and the 

vision corrective strength. Previous studies have also investigated if intermittent CxL and 

deformation can be effective in promoting visual correction in monkeys. Typical Dresden protocol 

was applied on monkey eyes in vivo after deformation through Ortho-K lenses, which are rigid 

vision correction lenses designed to be applied overnight. However, results showed that CxL 

slowed the regression of Ortho-K (corneal returning to the original shape) for a short duration, but 

is difficult to sustain its effect [278].  

We propose the simultaneous application of crosslinking and mechanical loading to adjust 

corneal curvature for a steepening effect related to hyperopia treatment, which our group has 

achieved previously with crosslinking an annulus region with a femtosecond laser (REF). As the 

corneas are subjected to external loading and deform in the preferred geometry for refractive power 

adjustment, different forms of ultrastructure rearrangement, including lamellae and fibrillar 

slippage, crimp, reorientation, helical tilt adjustment, and following hydration equilibrium may 

lead to new interfibrillar distance, fibrillar diameter, D-periodicity, and intermolecular spacing. 

We hypothesize that crosslinking under the strained state results in new bonds forming in such a 

way that partially “locks in” the deformation of corneal curvature, leading to slight adjustments of 

collagen quasi-hexagonal ultrastructure. 

Further, traditional UVA-Riboflavin-CxL is not particularly compatible with extensive 

contact surface mechanical loading, such as flattening or apical applanating, while being CxLed 
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due to the technique's requirement of abundant oxygen. To this end, our group has recently adapted 

the well-known but slow glycation mediated CxL, another type of non-enzymatic CxL, into a 

clinically relevant procedure by accelerating the CxL process with photochemically produced ROS 

via femtosecond laser pulses or UVA lamp exposure [303]. Importantly, effective glycation with 

pentoses has been shown to proceed in an oxygen-independent environment. With simultaneous 

coverslip-flattening and ribose-initiated ROS-Glycation-CxL, a decrease of effective refractive 

power up to approximately 10D was achieved in ex vivo rabbit eyes.  

There is a gap in understanding how corneal collagen crosslinking would affect the 

ultrastructure features under mechanically loaded conditions. This is clinically relevant as all 

patient-centered therapies are performed under physiological IOPs. This work aims to perform 

quantitative measurements of the corneal curvature adjustment when simultaneously combining 

CxL and mechanical load-induced deformation, and investigate if there are correlations between 

corneal curvature change and alterations of collagen fibril packing order. Two CxL techniques will 

Figure 4-1. a) Representative cornea undergoing simultaneous UVA-Riboflavin-CxL 

and mechanical loading for corneal steepening. (b) Representative cornea undergoing 

simultaneous ROS-Glycation-CxL and mechanical loading for corneal flattening.  
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be applied, FDA-approved UVA-Riboflavin-CxL for steepening and ROS-Glycation-CxL for 

flattening of corneas. As there is an unmet need for robust, clinically translatable, non-invasive 

vision correction technique, this work may be useful to provide fundamental understandings of 

combining temporary corneal deformation and CxL for adjustable, spatially resolved, permanent 

vision correction. 

 

4.2 Materials and Methods 

A detailed light sources summary can be found in the Appendix (Table 8-3).  

4.2.1 Tissue and Treatment types 

A total of 62 pairs of fresh rabbit eyes (124 corneas) with no visible signs of corneal 

abnormality were obtained from a local live poultry house (La Granja Live Poultry Corporation, 

New York, USA) within 1 hour of death. Each eye was enucleated, and its epithelium was removed 

with surgical scalpels. 42 pairs were used to investigate corneal steepening and UVA-Riboflavin-

CxL (Group 1, 2 and 3); 20 pairs were used to further investigate corneal flattening and ROS-

Glycation-CxL following a prior study (Group 4, 5, 6 and 7).  

For eye pairs within Groups 1, 2 and 3, one eye was chosen randomly as the treated cornea, 

which was subject to the following collagen crosslinking (CxL) procedure: the 0.2% riboflavin-5-

phosphate (R5P) in 20% dextran 500 (Sigma-Aldrich Inc., USA) solution was dropped to the 

anterior surface of the cornea at 5 minutes intervals for up to 60 mins; 30 mins after the onset of 

solution application, the corneas were exposed to 365 nm UVA lamp irradiation (Crystal Industries, 

USA) at 3 mW/cm^2 measured by a UV light meter (Sper Scientific, Arizona, USA). In addition 

to CxL, a 1.6mm diameter mechanical loading was simultaneously applied for 30 mins during 

UVA irradiation to the eyeball such that 15% deformation, measured as the change in the distance 



 80  

 

between the corneal apex and the optical nerve head, was achieved (Figure.4-1a). The remaining 

control eyes within each pair were under three (3) different conditions. In Group1 (n=15), control 

corneas were only subject to mechanical loading but not crosslinked. In Group2 (n=11), control 

corneas were only subject to CxL but not mechanically loaded. In Group3 (n=16), control corneas 

were neither mechanically loaded nor crosslinked.  

For eye pairs within Groups 4, 5, 6, and 7, one eye was similarly randomly chosen for 

collagen crosslinking through ribose-mediated, oxygen-independent collagen crosslinking 

procedures with different ROS generation methods described in the prior studies [160, 303]. 

Briefly, corneal tissue was exposed to 20% Ribose (Sigma-Aldrich Inc., USA) PBS 

(HyClone/Cytiva, USA) for 1 hour before photochemically induced ROS exposure from Near-

Infrared 1069 nm femtosecond laser (Fidelity II, Coherent, Santa Clara, CA) in Group 4, 400 nm 

femtosecond laser (Chameleon Ultra II, Coherent, Santa Clara, CA) converted by a second 

harmonic generation kit (THG800(I)-A05-100 fs, Newlight Photonics, Toronto, Canada) in Group 

5, UV-A lamp for 1.5 hours in Group 6, and UV-A lamp for 3 hours in Group 7. During collagen 

crosslinking, the anterior corneas were flattened with a coverslip until the contact area diameter 

reached 3 mm diameter (Figure. 4-1b).  

4.2.2 Topography and Optical Coherence Tomography 

During the investigation of corneas’ refractive power and thickness, the eyes were 

connected to a custom-built IV system to keep the intraocular pressure in the near-physiological 

range at 18-20mm H2O within 12 hours after sacrifice. The subscript “A” was used to denote 

samples in this pressurized condition: Group1A (n=6), Group2A (n=6), and Group3A (n=6). 

Effective refractive power (Eff. RP) was measured using a handheld topographer (EyeSys Vista, 

Texas, USA). The first point measured at 1 hour represents the baseline initial refractive power 
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after stabilization at the controlled intraocular pressure before any alterations. The second point at 

1.5 hours represents the refractive power after the riboflavin solution application. The third point 

at 2 hours represents refractive power after loading or crosslinking except for blank controls in 

Group3. The fourth, fifth, sixth, seventh, and eighth points represent the refractive power 

development, with the ninth point being the final refractive power of each cornea at approximately 

12 hours after death. Multiple topographies were taken at each point, and the average was 

calculated as the paradigmatic refractive power. The optical cross section and the apical thickness 

of the corneas were measured using an optical coherence tomographer (OQ LabScope Lumedica, 

North Carolina, USA) at the same time points described above. The thickness of the corneas was 

calculated using a constant pixel-to-length conversion factor. 

Figure 4-2. (a) Custom built sample holder with cornea strip anchored by an O-ring 

between two transparent Mica sheets. (b) A 4.8 mm by 9.3 mm region (in white lines) for X-ray 

diffraction data collection; the position of mechanical loading; the selected 3.2 mm by 3.2 mm 

central position for data analysis (in black lines). Red interval shows the representative 

distance between the actual center of holder window and the center of the selected area. 

Assembled sample holder effectively becomes a sealed hydration chamber for the cornea and 

allowing the X-ray transmission direction parallel to optical axis. Examples of treatment region 

selection are shown for (c) steepening and (d) flattening loading patterns with D-periodicity 

([nm]) heat maps matching the Mica window spatial positions.  
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4.2.3 X-Ray Diffraction 

Sample and Holder Assembly: Samples used for investigating the ultrastructure of the 

cornea were not connected to the IV system during crosslinking to avoid possible excessive 

swelling. However, the intraocular pressure should be consistent due to the freshness of the 

eyeballs because all procedures were performed within approximately 5 hours of sacrifice. For eye 

pairs used to investigate UVA-Riboflavin-CxL and corneal steepening, the subscript “B” was used 

to denote samples in this condition: Group1B (n=5), Group2B (n=5), and Group 3B (n=10). Eyes 

in Group 4, 5, 6 and 7 (n=5 each) were all used to investigate ROS-Glycation-CxL and corneal 

flattening. After respective treatments in each group, an approximately 5mm wide strip containing 

the cornea and sclera was cut out from the eyeball and rinsed with PBS solution (Sigma-Aldrich 

Inc., USA). An O-ring anchored the sclera of the strip in the custom-made aluminum sample holder 

(McMaster-Carr, USA) between two 15-20 μm transparent mica plates (Richard Jahred GmbH, 

Germany). A hydration control chamber forms by submerging the cornea in 15% Dextran 500 

solution (Sigma-Aldrich Inc., USA) and closing the two pieces of the holder (Figure. 4-2a and 4-

2b). The assembled holder and sample were put in a Styrofoam box with ice packs for delivery to 

the Brookhaven National Laboratory (Upton, New York, USA) within 48 hrs. 

Data Collection and Analysis: Small-angle and wide-angle diffraction were collected at 

the Life Science X-ray Scattering (LiX) beamline at National Synchrotron Light Source II at BNL 

[304]. The x-ray beam with a 0.2 to 0.3mm cross-sectional length (square) was used to scan the 

4.8mm by 9.3mm region of each cornea in the hydrated holder. Incident x-rays were passed 

through the anterior corneal surface parallel to the optical axis (Figure. 4-2a and 2b). Motorized 

stages moved the specimens in both the vertical and horizontal direction, as x-ray scattering 

patterns are recorded when the motor positions reach the pre-defined positions on a grid. 



 83  

 

 

Figure 4-3. (a) Illustration of simplified, periodic collagen stroma ultrastructure 

relevant to X-ray diffraction [3]. (b) Representative small and wide-angle diffraction intensity 

pattern (I) in terms scattering vector (q), and related simplified corneal collagen ultrastructure. 

Peak A is the low-angle equatorial peak related to interfibrillar distance; valley B is fitted to 

the first minima of first order Bessel function in cylindrical transform related to fibril 

diameter; peak C is the 5th order low-angle meridional peak related to D-periodicity; peak D 

is the wide-angle equatorial peak related to the intermolecular spacing; peak E represents the 

diffraction peak of water. Inlet picture is a typical XRD pattern for a hydrated cornea at 

Brookhaven National Lab. (c) Graphing I*q^2 against the scattering vectors (black) 

demonstrate the form factor of the cylindrical collagen fibril expressed in relation to the Bessel 

function of the 1st kind (red). 

A typical X-ray diffraction pattern from the cornea samples is shown in Figure. 4-3b, 

presented as the azimuthally averaged intensity profile as a function of the scattering vector q. In 

general, the scattering pattens from collagen fibrils show a series of diffraction peaks that 

correspond to the D-period (Figure. 4-3a) [3]. Peak C is the low-angle 5th-order meridional peak. 

The D-periodicity was calculated from the 5th-order peak position (𝐷 𝑝𝑒𝑟𝑖𝑜𝑑 = 5 ∗ 2𝜋/q) [305]. 

The 5th-order peak was chosen over the 3rd-order peak since the background scattering at this 

location is nearly linear. The shape and organization of the fibrils also contribute to the scattering 

pattern and intensity.  Peak A is the low-angle equatorial interfibrillar peak that corresponds to the 

correlation between fibrils. Its position is approximately related to the average center-to-center 

interfibrillar spacing ( 𝐼𝐹 = 1 ∗ 2𝜋/q ) [3]. Valley B is the low-angle minima of scattering 

corresponding to the cylindrical form factor of the collagen fibrils, which can be well described by 
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the Bessel function of the first kind: [𝐽1(𝑞𝑅)/(𝑞𝑅)]2 . The collagen fibril diameter was calculated 

from the first minima position of the Bessel function (𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 = 3.8317/q ∗ 2 ) [306]. This 

could be further demonstrated if  𝐼 ∗ 𝑞2is graphed against the scattering vector 𝑞, which matches 

minima location of the Bessel function dominated collagen fibril cylindrical transform (Figure. 4-

3c). In addition, the scattering at wide angles provides structural information on molecular length 

scales. Peak D is the wide-angle equatorial intermolecular Bragg spacing peak. The lateral 

intermolecular separation within the collagen fibril was calculated from the peak position with a 

1.11 factor (𝐼𝑆 = 1.11 ∗ 2𝜋/q) [21, 299]. Peak E represents the wide-angle diffraction peak of 

water in the hydration chamber. The magnitude (height), normalized by the transmitted signal 

intensity, was calculated as an indication of the hydration level of the tissue [307].  

X-Ray Diffraction Analysis Field Selection: For samples used for the XRD portion of the 

study, due to the non-uniform spatial corneal ultrastructure [301] and the localized mechanical 

loading pattern of the treatment, an approximately 3.2 mm by 3.2 mm area at the central cornea 

was selected for statistical analysis (Figure. 4-2c and 4-2d).  Thie area was chosen based on the 

2D features observed from XRD data heatmaps that are indicative of apical cornea and loading 

regions. This chosen area sometimes does not coincide exactly with the center of the holder Mica 

window due to dissection and corneal strip placement, or with the apex of eyeball due to 

mechanical loading pattern placements. The distance between the chosen area center and Mica 

window center were calculated and compared between each eye pair to avoid potential spatial 

selection bias.  Since multiple data points were collected within this area, the average value of all 

data points was calculated as the paradigmatic value for each of the parameters above. 
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4.2.4 Statistical Analysis  

Statistical differences in corneal Eff.RP adjustment, apical corneal thickness evolution, and 

stromal collagen fibril ultrastructure features between paired samples (treated and various control 

conditions at all measurement time points) were assessed using two-tailed paired t-tests as all 

rabbit corneas are paired. Type I error was set to 0.05 and significance was set at 𝑝 ≤ 0.05 for all 

statistical analysis. 

 

Figure 4-4. (a) Representative time-history of effective refractive power variations over 

12 hours for each treatment and control conditions. (b) The average change between the initial 

and final effective refractive power measurements for the paired cornea in each group. Data 

points show the effective refractive power 12 hrs difference for each eye. Error bars are 

standard deviations.   

 

4.3 Results 

4.3.1 Corneal Anterior Surface Topography 

Representative time history of corneal topography showed a persistent increase in effective 

refractive power of treated eyes after simultaneous mechanical loading and UVA-Riboflavin-CxL. 

Control eyes of Group1A under only mechanical loading showed an initial increase in diopters, 
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but did not show a similar increase at the 12 hrs time point compared to the paired treated eye. 

UVA-Riboflavin-CxL control eyes of Group2A and blank control eyes of Group3A displayed no 

obvious trend in change of diopters (Figure. 4-4a).  

The difference of the average effective refractive power was calculated for each eye by 

subtracting the baseline diopter measured at the 1hr timepoint from the final diopter measured at 

the 12hrs timepoint. The simultaneous mechanical loading and UVA-Riboflavin-CxL treatment 

produced significant increases in the 12 hrs diopters difference compared to the paired control eyes 

in Group1A (Eff.RP=4.8 D, p=0.004), Group2A (Eff.RP=4.9 D, p=0.002), and Group3A 

(Eff.RP=6.7  D, p=0.001) (Figure. 4-4b).  

In parallel to corneal steepening described in this study, flattening of cornea was achieved 

through simultaneous coverslip flattening and ROS-Glycation-CxL with a similar topography 

measurement strategy: 1.5-hour and 3-hour treatments yielded 2.6 D and 4.3 D of sustained Eff.RP 

decrease over 10hrs respectively [303].  

 

Figure 4-5. (a) Representative optical coherence tomography (OCT) at the apical cornea 

for each treatment and control conditions. (b) The average change between the initial and final 

apical thickness measurements from OCT the paired corneas in each group. Data points show 

the 12 hrs thickness difference for each eye. Error bars are standard deviations.  
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4.3.2 OCT and Corneal Apical Thickness 

Representative OCT pictures at the apical cornea at the 1 hr, 3 hr, and 12 hrs time points 

recorded an increase in the cornea thickness for all eyes under the controlled, artificial intraocular 

pressure from the IV system. UVA-Riboflavin-CxL of the cornea produced a demarcation line 

perpendicular to the optical axis in all treated eyes and control eyes in Group 2A. Notably, 

mechanical loading of 15% from the cornea apex to the ONH produced visible boundaries roughly 

parallel to the optical axis, approximately in the size of the load applicator, in all treated eyes and 

controls eyes in Gorup 1A (Fig. 4-5a).  

The difference of the average apical thickness was calculated for each eye by subtracting 

the pixel length measured at the 1 hr time point from the pixel length measured at the 12 hrs time 

point. The simultaneous mechanical loading and UVA-Riboflavin-CxL treatment produced 

significant increases in the 12 hrs apical thickness difference compared to the paired CxL control 

eyes in Group 2A (p=0.002) and Group 3A (p=0.01), but had a similar effect compared to 

mechanical loading application to paired control eyes in Group 1A (p>0.05) (Fig. 4-5b). 

4.3.3 X-Ray Diffraction Analysis Field Selection 

The distance from the center of the approximately 3.2 mm by 3.2 mm field used for XRD 

data analysis, shown in black, to the center of the overall holder window, shown in white, was 

calculated for each eye in Groups 1B, 2B, 3B, 4, 5, 6, and 7 from the spatial coordinates of the 

scanning positions (Fig. 4-2). There was no significant difference in the spatial position selected 

relative to corneal apex for XRD analysis between the treated eyes and paired controls in Groups 

1B, 2B, 3B, 4, 5, 6, and 7 (p>0.05) (Fig. 4-6f and 4-7f).  
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4.3.4 Small Angle XRD: Interfibrillar Distance, Fibril Diameter, and D-periodicity 

Using the small angle x-ray scattering patterns from the treated and untreated corneas, the 

average interfibrillar distance, fibril diameter and D-periodicity of the collagen fibrils were 

calculated. For each eye, the averaged value for the selected field were compared. 

The combination of mechanical steepening and UVA-Riboflavin-CxL resulted in a significantly 

increased average interfibrillar distance compared to the paired CxL controls in Group 2B 

(p=0.017) and blank controls in Group 3B (p=0.0072), but not a significant difference compared 

to paired mechanical loading controls in Group 1B (p>0.05) (Fig. 4-6a).  

Figure 4-6. For each cornea in the UVA-Riboflavin-CxL and steepening loading group, 

the averaged value for the selected 3.2 mm by 3.2 mm area are calculated as the effective sample 

value. Dot plots of the a) interfibrillar distance, b) fibril diameter, c) D-period, d) 

intermolecular distance, e) normalized water content for the paired corneas in each group from 

small and wide-angle X-ray diffraction. The distances of the center of the analyzed area to the 

center of the Mica window were compared in f) between treatment and respective control 

groups to evaluate potential spatial bias. Vertical lines are the lower, middle and upper 

quartiles. (g) Typical collagen crosslinking resulting from UVA-Riboflavin-CxL. 
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Figure 4-7. For each cornea in the ROS-Glycation-CxL and flattening loading group, the 

averaged value for the selected 3.2 mm by 3.2 mm area are calculated as the effective sample 

value. Dot plots of the a) interfibrillar distance, b) fibril diameter, c) D-period, d) 

intermolecular distance, e) water content for the paired corneas in each group from small and 

wide-angle X-ray diffraction. The distances of the center of the analyzed area to the center of 

the Mica window were compared in f) between treatment and respective control groups g) 

Typical collagen crosslinking resulting from ROS-Glycation-CxL.  

 

A significant decrease in fibril diameter in treated corneas was observed compared to the 

paired mechanical loading controls in Group 1B (p=0.0086) and blank controls in Group 3B 

(p=0.0049). Surprisingly, the fibril dimeter in CxL control corneas in Group 2B was significantly 

increased compared to the paired treated corneas (p=0.022) (Fig. 4-6b).  

D-periodicity significantly increased, though in small amount, in treated corneas compared 

to the mechanical loading controls in Group 1B (p=0.049) and CxL controls in Group 2B 

(p=0.0012). However, no significance in D-periodicity, was observed between treated corneas and 

blank control corneas in Group 3B (p>0.05) (Fig. 4-6c).  
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The combination of mechanical flattening and ROS-Glycation-CxL led to a significantly 

increased average interfibrillar distance compared to ribose only controls in Groups 4 (p=0.049), 

5 (p=0.0044), 6 (p=0.017), and 7 (p=0.031) using different ROS generation methods (Fig. 4-7a).  

A significant, albeit slight increase of average fibril diameter in mechanically flattened and ROS-

Glycation-CxLed corneas using UVA-lamp irradiation were found in Groups 6 (p=0.048) and 7 

(p=0.049). However, fibril diameter of flattened corneas treated with ROS-Glycation-CxL using 

the NIR laser decreased in Group 4 (p=0.044), while corneas treated with the blue wavelength 

laser had no change in fibril diameter in Group 5 (p>0.05) (Fig. 4-7b).  

D-periodicity did not change for all flattened and ROS-Glycation-CxLed corneas in Groups 

4 to 7 (p>0.05) compared to paired ribose exposure only control (Fig. 4-7c).  

4.3.5 Wide Angle XRD: Intermolecular Spacing, and Hydration 

Using the wide-angle x-ray scattering patterns from the treated and untreated corneas, the 

average intermolecular distance and hydration level in the form of peak magnitude were 

calculated. For each eye, the averaged value for the selected field were compared, identical to the 

small-angle x-ray scattering analysis. 

Simultaneous mechanical loading and UVA-Riboflavin-CxL did not produce any 

significant difference in intermolecular spacing compared to paired mechanical loading controls 

in Group 1B, CxL controls in Group 2B, and blank controls in Group 3B (p>0.05) (Fig. 4-6d).  

A significantly lower hydration level in treated eyes was observed compared to control corneas in 

Group 1B (p=0.020) and Group 2B (p=0.028). Treated and control corneas in Group 3B showed 

comparable hydration levels (p>0.05) (Fig. 4-6e).  

For all corneas flattened and treated with ROS-Glycation-CxL, there were no significant 

differences in intermolecular distances (Fig. 4-7d) for all Groups 4 to 7 (p>0.05). Compared to 
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control cornea, ROS-Glycation-CxLed corneas consistently seem to hold more water content; 

however, only Group 4 had statistical significance in hydration levels (p=0.046) (Fig. 4-7e).  

 

4.4 Discussion  

4.4.1 Corneal Morphological Change  

The refractive power of the anterior surface of the cornea increased approximately 6 

diopters after simultaneous UVA-Riboflavin-CxL and mechanical loading (Figure. 4-4). The 

steepening effect remains consistent with the controlled intraocular pressure, under which the 

blank controls in Group3 showed approximately no change in diopters. Mechanically loaded only 

corneas in Group1 had an average of the same increase in diopters with considerable variance, 

possibly due to the less than normal corneal anterior shape change introduced by the load 

applicator. It is worth emphasizing that the 15% strain introduced by the load applicator is quite 

extreme physiologically and was adapted for demonstrative purposes in hyperopia treatment 

(Figure. 4-1).  

Control corneas in Group2, CxLed cornea without mechanical loading, showed little to no 

increase in diopters when comparing EyeSys Effective refractive power (Eff.RP) (Figure. 4-4). 

Clinical topography measurements, from a similar EyeSys system or other topographers, showed 

a slight decrease up to 2 diopters after various UVA-riboflavin crosslinking on patient eyes, 

however the diopter differences calculated in these studies were not exactly Eff.RP [105, 308].  

This decrease is gradual and usually observed in a much longer time frame, which could be 

different from the 6 diopters change in Eff.RP from rabbit ex vivo eyes in a 12 hr time frame under 

artificial pressure with stromal swelling.  
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This observed topographic change is consistent with our study on pulsed femtosecond laser 

crosslinking in porcine cornea under deformation through a coverslip that showed 4.4 diopters 

increase through laser scanning of a concentric annulus shape in porcine eyes, though without the 

presence of a photosensitizer [160]. Another relevant study on combining orthokeratology (Ortho-

k) and Dresden protocol with monkey corneas, however, did not show stable refractive error 

adjustment [278]. The key difference might be that the crosslinking and loading through Ortho-k 

were not simultaneous due to the fact that UVA-Riboflavin-CxL and stiffening of the cornea is 

oxygen dependent, whereas ortho-K lens would block effective oxygen and riboflavin delivery. In 

this study, due to the small size of the load applicator and the centralized loading pattern, oxygen 

replenishment was not affected for efficient crosslinking. However, Bradford et al. [276] showed 

that two photon activation of riboflavin by pulsed femtosecond laser under the deformation of 

coverslip could successfully strengthen the biomechanics of cornea and decreased refractive 

power, even without exposure and replenishment to oxygen. These results may indicate that 

photoactive crosslinking mechanisms may be drastically different between focused pulsed 

femtosecond lasers and other sources with less instantaneous intensity such as a UVA lamp.  

We have previously demonstrated that ROS-Glycation-CxL combined with simultaneous 

flattening leads to significant drop of Eff.RP. The maximum, sustained corneal flattening achieved 

was on average 4.3 D, a magnitude of change close to the steepening achieved in this study [303]. 

We found that ROS-accelerated, ribose-mediated corneal CxL was synergetic with the flattening 

loading pattern because the coverslips limit the anterior cornea's access to oxygen during 

simultaneous loading; fortunately, pentoses such as ribose have been shown to be effective in 

glycation in an anaerobic environment [271]. The combination of corneal steepening and flattening 

results with different mechanical loading promises adeptness in this therapeutic technique and 
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warrants future investigation of elaborate, parametric combinations of CxL methods and 

mechanical loading patterns for more complex corneal curvature abnormalities such as 

astigmatism. 

Due to the connected IV system to the eye balls and constant exposure to the physiological 

pressure, the thickness of the cornea in general increases over time during ex vivo experiments. 

Additionally, due to the possible deterioration of the endothelium that is responsible for hydration 

management, some degrees of edema might have resulted the approximately 200 μm increase in 

apical cornea thickness [309]. Variances of the swelling could be due to the different ages of the 

rabbits and sizes of the eye ball, and thus the potentially differential respond in central cornea 

thickness to the artificial intraocular pressure [310]. 

At the apical cross section of each time point, for corneas undergoing the centralized 

loading, clear deformation could be observed immediately after the load applicator was removed, 

but the deformation became less obvious over time as the corneas swelled over time. The corneas 

which underwent loading swelled significantly more than the ones subjected to crosslinking only, 

and blank control corneas (Group 2A and 3A). Crosslinking might have helped retain the cornea 

thickness and avoid edema as Group2A experienced the least increase in apical thickness (Figure 

4-5).  

4.4.2 XRD on Corneal Ultrastructure 

Previous studies showed that corneas experiencing tensile force have an increased 

interfibrillar distance, decreased fibril diameter, and an increased D-periodicity [283]. Patten and 

Wess [302] also demonstrated a changed spatial packing order for bovine corneas under loading. 

Specifically, stromal ultrastructure changes due to the tensile force could lead to possible crimps 
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and reorientations of lamella and fibrils, as well as change in the helical tilt of the triple helix 

structured fibril in up to 5% uniaxial tensile strain.  

For the purpose of introducing therapeutically relevant refractive power change of the 

anterior cornea, the loading profile in this study was complicated as we aimed to keep the eyeball 

intact without isolating and cutting the corneal tissue. Due to the non-conventional stress 

introduced in the centralized steepening and flattening, strain pattern might exist both 

perpendicular to the optical axis across corneal surface, and parallel to the optical axis throughout 

the thickness of the cornea shown in corneal indentation through Finite Element Analysis [311]. 

We did not observe obvious increased opacity in all groups, which suggests that the local strain 

might be smaller than 5% as the cornea boundary was not fixed and thus the artificially created 

strain could have transferred to sclera from the central cornea. The crosslinking induced to the 

cornea ultrastructure in its more strained state might be different from those introduced to the 

corneas in the baseline IOP, as the crosslinking sites might shift in position under strain. After the 

simultaneous crosslinking and strain, though the viscoelastic tissue tends to relax to its original 

state given that it did not reach failure, the newly introduced CxLs could back total relaxation, 

leading to a wholistic shape change of the cornea tissue. 

From small angle X-ray diffraction, in the UVA-Riboflavin-CxL and steepening groups, 

treated corneas in the selected region with strain had a significantly increase in interfibrillar 

distance compared to CxL only (2B) and blank (3B) paired control corneas (Figure. 4-6a). 

However, in Group 1B, though additional crosslinking showed the trend of increased interfibrillar 

distance, no significance was found. This seems to correlate to the fact that only mechanically 

loaded controls in Group1A showed similar levels of swelling in the apical thickness increase 

(Figure. 4-5A), suggesting that the interfibrillar distance of collagen has a major influence on the 
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local thickness of the apical corneal. In the ROS-Glycation-CxL and flattening groups, treated 

corneas in four groups using lasers and UVA lamps all had a significant increase in interfibrillar 

distance compared to controls only exposed to ribose (Figure. 4-7a). The observed universal trend 

in changes of interfibrillar distance supports the hypothesis that CxL partially preserved the 

interfibrillar distance increase produced by the introduced strain. 

For UVA-Riboflavin-CxL and steepening Groups 1B and 3B, the average fibril diameter 

in the treated corneas is smaller compared to the loaded only and blank corneas. This is again 

consistent with prior studies: compared to the controls in 1B and 3B, the collagen fibers of strained 

cornea might have been CxLed in the decreased diameter state, and remain in this altered form 

even after the tissue relaxes back to the original shape. However, treated cornea surprisingly had 

a thicker fibril diameter than CxLed only corneas (Figure. 4-6b). Though earlier studies show 

increased diameter as a feature of crosslinking [312], later studies found no significance [295]. 

Additionally, Akhtar et al. [230] found a decrease in the collagen diameter of CxLed keratoconus 

eyes. Thus, it is not clear how the Dresden crosslinking protocol would affect the collagen fibril, 

especially because of the variability and state of health introduced by the rabbit samples. It is 

possible the loading in Group 2B might have encouraged changes in the ECM that promote the 

thickening of the collagen fibrils during CxL. Specifically, Hayes et al. [313] found that the fibril 

diameter measured by X-ray might include the surrounding proteoglycan coating; we hypothesize 

that the deformed state of the fibril coating responds and thickens more under crosslinking whereas 

the collage fibril itself decreases in diameter.  

In the ROS-Glycation-CxL and flattening groups 6 and 7, corneas exposed to ROS 

produced by UVA-lamps had a significant increase in fibril diameter compared to control, albeit 

in small amounts; this fibril diameter change due to flattening is opposite to steepening’ effect. We 
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suspect that this is due to the more dominant compression-type strain induced by the flattening 

effect in a relatively long loading time (1.5 hrs in Group6 and 3 hrs in Group7). Curiously, the 

average fibril diameter decreased in NIR laser treated corneas and maintained the same in blue 

400 nm wavelength laser treated corneas compared to the paired ribose only controls. Apart from 

the potential photochemical mechanistic difference among focused ultrafast laser pulses and 

continuous wave non-coherent light sources, the treatment time among Groups 4, 5, 6, and 7 were 

different: both laser treatments were around 40 mins and thus had shorter flattening duration 

compared to UVA-Lamp treatments (90 to 180 mins) (Figure. 4-7b). Given the complexity of 

fibril diameter variability in the other crosslinking method (UVA-Riboflavin-CxL group) due to 

changes in the surrounding proteoglycan, we hypothesize that the time duration of mechanically 

flattening and crosslinking may also contribute to permanent changes of the ECM.  

Group 1B and 2B showed an expected D-periodicity increase for corneal fibrils after 

simultaneous steepening and UVA-Riboflavin-CxL, which could be retained after CXL in the 

stretched state of the fibril. Group 3B’s surprising non-significant increase might be correlated to 

the non-significant hydration magnitude in the wide-angle diffraction, showing a strong correlation 

between D-periodicity and hydration in the tissue (Group 5c and 5e). Group 4 to 8 showed no 

change in D-periodicity after simultaneous flattening and ROS-Glycation-CxL, and no changes in 

hydration as well (Group 6c and 6e), supporting this almost inverse hydration-D-periodicity 

correlation.  

It is worth noting that changes in collagen fibril diameter and D-periodicity (Figure 4-6b, 

c and 4-7b, c) were smaller in scale compared to the changes in the interfibrillar distance (Figure 

4-6a and 4-7a). We attribute this difference in scale to the biphasic models of cornea ECM 

commonly accepted in the field [297, 313]. Since the corneas during treatment and XRD 
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measurements were kept hydrated and were not intentionally dried, the collagen fibrils were not 

dehydrated and the ECM response to hydration was mostly dominated by changes in interfibrillar 

distances.  

From wide angle X-ray diffraction, the hydration level between the paired treated cornea 

and its control were compared. In the steepening and UVA-Riboflavin-CxL Groups 1B, 2B, 3B, 

although no significant difference was found between the treated and blank control corneas (3B), 

the combination of CxL and mechanical loading had a significant decreased water retaining ability 

of the cornea compared to that of the cornea that is just loaded (1B) or just CxLed (2B) (Figure. 

4-6e). Thus, we infer that UVA-Riboflavin-CxL and centralized steepening as stand-along 

Figure 4-8. For each cornea in the UVA-Riboflavin-CxL and steepening loading 

group, the averaged values for the entire scanned region are calculated. 
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protocols slightly increase the swelling ability of the corneal stroma in the Dextran-controlled 

osmotic environment; the effect of UVA-Riboflavin is rather minor, whereas steeping’s effect is 

more pronounced. This was unexpected as previous studies showed that crosslinking by itself did 

not change the swelling ability of the cornea [295]. Though unlikely, we do not rule out the 

possibility that the custom holder could have lost its seal and its function as a hydration chamber 

during transportation, or this was simply due to batch-wise intra-sample variability (Figure. 4-6e). 

In the flattening and ROS-Glycation-CxL Groups 5, 6 and 7, no significant hydration differences 

were found among all treated corneas and paired controls, suggesting that ribose-initiated glycation 

under a low or no-oxygen environment have limited effect on the long-term water-retention ability 

of the stroma layer (Figure. 4-7e).   

Figure 4-9. For each cornea in the ROS-Glycation-CxL and flattening loading group, the 

averaged values for the entire scanned region are calculated. 
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Another collagen feature measured by wide-angel diffraction is intermolecular spacing, 

which was not affected by crosslinking and mechanical deformation across all groups (Figure. 4-

6d and 4-7d).  

It is widely acknowledged that the collagen fibril packing and order are very different with 

respect to the spatial position from the apical cornea. For example, for human corneas, apical 

collagen interfibrillar distance and fibril diameter were found to be significantly smaller than their 

counterparts at the peripheral cornea near sclera, and an approximately central 6mm diameter 

circular region had uniform features, within which the 3mm diameter prepupilliary region to be 

the most efficient [301]. Rabbit corneas are approximately the size of the human cornea and have 

been widely used as a model for investigating ocular diseases [314]. Thus, to find a representative 

and effective average feature for each rabbit cornea, we use the average of a 3.2 mm-by-3.2 mm 

square region for each cornea (Figure. 4-2). Since the apical loading might not always be at the 

exact center, and the possibility of the dissected strip being off-center in the custom designed 

holder, the 3.2 mm-by-3.2 mm square region was artificially chosen based on visual inspection on 

where the prepupilliary regions are. Additionally, the 15% strain applied by the load applicator in 

the steepening loading, as well as the 3mm diameter contact region in the flattening loading, had 

a centralized straining effect on the approximately 3.2 mm-by-3.2 mm region by observation, 

which further prompts the spatial selection for XRD data analysis. The distance of the chosen 

region to the center of the holder window was compared within each paired treatment and control 

group, showing no selection bias in the process (Figure. 4-6f, 4-7f).   

The total averages of collagen ultrastructure features from the entire 4.8mm by 9.3mm X-

ray scanned region for each cornea are also reported in Figure 4-8 and Figure 4-9 with a similar 

format to Figure 4-6 and 4-7. Representative heatmaps showcasing the spatially resolved features 
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are shown in Figure 4-10. Although there were spatial differences in the stromal ultrastructure 

between the peripheral and pupillary region, the values graphed would be a spatially averaged 

representative for the entire cornea. Overall, the broader collagen ultrastructure experiences similar 

but milder changes to the selected central region, as most paired comparisons are no longer 

significantly different, or significant to a lesser amount. The only exception is the comparison 

between Steepened UVA-Riboflavin-CxL treatment and blank control (Group 3C); the total area 

average had a significant opposite response to the central loading region. We suspect that 

compared to loading (Group 3A) or crosslinking-only (Group 3B) control groups, blank controls 

presented the most contrast to the steepening loading regime. This differential response is expected 

because the mechanical loadings are mostly centralized in 

4.4.3 Limitation and Future Directions 

One limitation of the study is the extreme loading pattern adapted as 15% strain from the 

apical cornea to the optical nerve head. Though we hypothesize that the strain introduced did not 

reach failure in tension as most tissues recovered to the original state, this loading pattern is still 

quite dramatic compared to any physiologically relevant deformation except for trauma. The 

induced change in the anterior surface of cornea and swelling in the central cornea is thus severe. 

This uneven loading pattern and artificially applied strain, however, could have similarities to 

severe keratoconus corneas, where a particular region of the tissue softens considerably and 

experiences more strain than the surrounding tissue [315]. Though it has potential applications as 

a treatment for hyperopia, future studies should investigate a milder and clinically viable loading 

pattern in combination with CXL.  
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Figure 4-10. Representative XRD-derived corneal structure parameter heatmaps for 

steeping treatment in row 1, and flattening treatment in row 2. Intramolecular distances are 

omitted as there were no statistically significant differences in all samples. 

Another potential limitation of the study would be the data analysis method regarding 

sample hydration. Though the sample holders were designed to preserve water content equally 

across all samples, there were still statistically significant differences in hydration magnitudes in 

different treatment groups. For the samples shown in the representative ultrastructure heatmaps 

(Figure. 4-10), significant correlations can be found among hydration peak intensities and other 

SAXS captured features (Figure 4-11 and 12) using Pearson Correlation tests. To the best of the 

authors’ knowledge, other studies in the field pay attention to sample hydration through dry and 

wet weight ratio, but the hydration amount is rarely involved in XRD-measured feature 

calculations because the water-related peak from WAX is usually omitted or can’t be measured 
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due to equipment limitation. Future studies should focus on developing a normalization method to 

rigorously incorporate corneal ultrastructure features’ correlation of water content in to XRD 

analysis.   

Additionally, there is room for refinements of the XRD-feature statistical analysis. Since 

physical stromal features are derive from the 𝐼 𝑣𝑠. 𝑞 peak and valley locations, errors in fitting and 

optimizing process performed in python should be included in statistical significance analysis. The 

current fitting function takes advantage of the “scipy.optimize.minimize” package that finds local 

Figure 4-11. Pearson correlations (R) between hydration and interfibrillar distance, 

fibril diameter, and D-periodicity of the representative CxLed flattened cornea (1st row) in 

Figure 4-10, and its’ paired control (2nd row) for all the XRD scans in the chosen region.  
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peak values without constraining the solving method; details can be found in the online 

documentation.  

Finally, it should be noted that though we acquired and processed the ex vivo rabbit cornea 

samples in the same timeline for all paired treatment and control groups, the sources of the rabbit 

(poultry houses) vary due to the limited availability of the Brookhaven National Laboratory 

beamline as the rabbits need to be sacrificed in a time-sensitive manner. Thus, the size, sex, and 

age of the rabbits were not controlled in this study.  

 

 

 

 

Figure 4-12. Pearson correlations (R) between hydration and interfibrillar distance, 

fibril diameter, and D-periodicity of the representative CxLed steepened cornea (1st row) in 

Figure. 4-10, and its’ paired control (2nd row) for all the XRD scans in the chosen region. 
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Chapter 5 : Corneal Collagen Crosslinking with Melanin-Enhanced 

Absorption of Femtosecond Laser Pulses 

5.1 Introduction 

Ectatic corneal diseases (ECD) are non-inflammatory corneal disorders characterized by 

progressive thinning and outward bulging of the cornea [96]. Though the complete etiology of 

ECD is not clear, it is commonly accepted that the interaction between environmental and 

genetic factors may trigger the onset of disease. The most common type of ECD is keratoconus 

(KCN), which leads to a weakening of the corneal extracellular matrix (ECM). As a result, 

corneas get thinner and assume conical shape as KCN progresses [102, 316]. Other ECD 

conditions or KCN phenotypes, such as keratoglobus and pellucid marginal degeneration, lead to 

irregular corneal shapes such as globular or thin-band protrusions. Because of the cornea’s 

dominant refractive power in the visual system, atypical ECD corneal morphologies are 

responsible for visual impairments such as diplopia, myopia, and corneal astigmatism [96, 253]. 

Specifically, corneal astigmatism occurs from the unequal curvature along the two principal 

meridia of the anterior cornea due to the abnormal load-bearing pattern of ectatic corneas under 

the intraocular pressure from abnormal thickness, elastic modulus, and shape [99].  

ECD, including KCN, can be progressive; as such, management methods at different 

disease severity are drastically different and successively more invasive. In mild cases, 

spectacles and regular contact lenses are able to provide satisfactory optical path adjustment 

[103]. As KCN progresses to moderate stages, specialized contact lenses such as scleral lenses 

are required. Although external optics provide visual aid, they are not therapeutic in nature and 

do not halt disease progression. In more severe stages of KCN, surgical interventions are 

required [317]. Variations of corneal transplantation (keratoplasty) were developed decades ago 
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as the common form of KCN correction therapy. In more recent years, corneal crosslinking 

(CxL) mediated by UVA-light and riboflavin (UVA-Riboflavin-CxL) has become the gold 

standard protocol. After epithelium removal, the corneas are soaked with riboflavin solution, the 

photosensitizer, and exposed to ultraviolet A (UVA) light, which activates it. Riboflavin-initiated 

radicals and singlet oxygens introduce CxLs in stromal collagenous ECM and enhance the 

biomechanical properties of the cornea, effectively halting KCN progression [62, 255]. Since 

most complications of the UVA-Riboflavin-CxL stem from epithelium removal, significant 

progress has been made in transepithelial CxL procedures with oxygen supplementation, 

chemical epithelium penetration promotion, and iontophoresis [259] [260] [265]. In other 

variations of the CxL procedure, light delivery methods (pulsed with high fluence and 

acceleration [318]), photosensitizers (e.g. Rose Bengal[72]), and osmolarity control for thinner 

corneas [319] are deliberated.  

However, conventional CxL methods usually only lead to a low degree of targeted vision 

improvement and lack the dexterity for spatially precise and selective vision correction [105]. To 

achieve a desired high degree of vision correction, intrastromal corneal ring segment (ICRS) and 

photorefractive keratectomy (PRK) are some of the surgical alternatives for ECD related vision 

correction. Though ICRS may introduce high magnitude of conical and spherical keratometric 

changes, it does not stop disease progression [320, 321]. On the other hand, PRK, along with 

other highly precise vision correction surgeries such as laser-assisted in situ keratomileusis 

(LASIK) and small incision lenticule extraction (SMILE), have been reported to cause post-

surgery ectasia [106, 322, 323]. There exists a need for a robust, minimally invasive, 

progression-halting therapy for ectatic corneal diseases that could provide spatially resolved 

vision correction.  
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Our group previously developed a novel, non-invasive approach to permanent vision 

correction that avoids thermal ablation and optical breakdown using a femtosecond oscillator 

laser. By generating a low-density plasma (LDP) at the laser focal point within a biological 

media such as the corneal stroma, ultrafast laser pulses create an ionized interstitial water and 

thus produced reactive oxygen species (ROS). ROS, such as hydroxyl radicals, react with the 

collagen fibril-rich ECM to create CxLs that increase the biomechanical strength of the laser-

scanned tissue volume. With either a circular or conical region laser treated, refractive power 

reduction or addition can be achieved close to the optical axis [160-162, 164].  

Though the procedure is highly safe and the results stable, the efficiency of the treatment 

relies heavily on exacting optical parameters of the femtosecond oscillator pulse. Over the past 

few years, other studies have utilized femtosecond laser-based methods for vision correction, 

such as two-photon activation of riboflavin or blue wavelength refractive index manipulation 

[276, 290]. It is worth noting that these studies ultimately switch from femtosecond oscillator to 

amplifier to achieve optimal vision correction effect with micro-joules of laser pulse energy, 

which might increase the risks of optical damage and economic costs of the vision correction 

treatment. Nevertheless, the results of these femtosecond laser-tissue interaction-based studies 

elucidate that the biological effect of the laser pulse depends on optical parameters such as 

temporal pulse duration, spatial focal intensity, repetition rates, pulse energy, and wavelengths 

[165, 171, 276, 290].  

In this work, we aim to build on our group’s approach in enhancing the mechanical 

properties and amending the cornea's curvature. However, the plasma-tissue interaction is 

different. The use of LDP to produce a sufficient density of ROS for CxL, the efficacy of which 

likely relies on a resonance effect [170], is unlikely to be readily reproduced with sufficient 
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accuracy in a clinical setting. Instead, we opt to apply a thin film of melanin, a naturally 

occurring biocompatible pigment, at the interface of the tissue and transparent load applicator 

[277, 324, 325]. The presence of a pigment increases the local optical absorption and ionization 

efficiency of the tissue [326, 327]. As a natural ROS scavenger, melanin also acts as a protective 

agent against potential excessive ROS effects from the more intense plasma generation [328-

330]. We hypothesize that a sufficiently dense plasma is formed at the surface of the tissue, 

producing the ROS that initiates the CxL process without significant tissue disruption effects. 

Further, we theorize that presence of dense plasma aids LDP driven ROS generation in the 

interior of the corneal stroma as the laser focal volume translates towards to the deeper stromal 

region.   

In the study, the crosslinking efficacy of the melanin-assisted laser treatment will be 

verified mechanically through indentation and chemically through enzymatic digestion and 

compared against conventional UVA-Riboflavin-CxL and new nonenzymatic CxL methods 

developed by our group called ROS-Glycation-CxL [324]. The vision correction ability of the 

melanin-assisted laser treatment is captured through corneal topography. Since plasma-produced 

ROS are responsible for collagen CxL, we hypothesize that melanin-assisted femtosecond 

oscillator treatment can create robust, minimally invasive collagen CxL therapy suitable for ECD 

mitigation, astigmatism, and general vision correction.  

 

5.2 Materials and Methods 

A detailed light sources summary can be found in the Appendix (Table 8-4).  
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5.2.1 Femtosecond Laser and Other Light Sources  

For melanin-assisted laser treatment, a 1060 nm femtosecond laser Ti: Sapphire oscillator 

(Chameleon Ultra II, Coherent, Santa Clara, CA) with a 120-femtosecond pulse duration was 

utilized. The laser pulses were focused through a Zeiss Plan-NeoFluar 40x objective with an 

effective numerical aperture of 0.1463. For each laser treatment, the laser focal point scanned 

through the corneal stroma with a zig-zag pattern laterally and consecutive treatment planes 

covering 200 μm stroma depth. This zig-zag lasing pattern with a 25 μm increment was 

accomplished by moving the enucleated eyes mounted on a 6-axis motorized stage hexapod (H-

840.D2A-AXIS_X, Physik Instrumente, USA) at 5 mm/s and a maximum acceleration of 60 

mm/s2.  

As positive controls, UVA-Riboflavin-CxL and ROS-Glycation-CxL were both 

performed with a UV lamp centered at 365 nm (Crystal Industries, USA). A UV light meter 

(Sper Scientific Arizona, USA) ensured a 3 mW/cm2 average irradiation intensity at the samples 

surface.  

5.2.2 Tissue and Experimental Groups 

A total of 28 pairs of fresh rabbit eye with no visible signs of abnormality were obtained 

from a local live poultry vendor (La Granja Live Poultry Corporation, NY, USA) within 1 hour 

of sacrifice. All eye pairs were enucleated and divided into 2 groups: Group1, and Group 2.   

5.2.2.1 Group1: Melanin-Mediated Laser Treatment on Healthy Corneal Stroma 

Prior to melanin-mediated laser treatment, a droplet of 0.1% w/w Melanin (Sigma-

Aldrich M0418, USA) in PBS (HyClone/Cytiva, USA) was pipetted and dried on a microscope 

coverslip (0.15 mm thick) or coverslide (1 mm thick) until the bio-pigment was evenly 

distributed on the glass surface. During laser treatment, the side of the glass with melanin 
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adhered was pressed against the cornea to induce mechanical flattening, aid with locating the 

laser focal point position, and generate plasma during laser rasterization. The size of the contact 

area between the glass and the tissue was controlled to be between 5 to 6 mm diameter for the 

whole eye treatment.   

Group 1A (n=3 rabbits), 1B (n=3), 1C (n=3), and 1D (n=5) eyes were used to evaluate 

the corneal refractive power adjustment ability of the laser treatment. The intact eyeballs were 

placed into custom-build holders, and the intraocular pressure was kept at 18-20 mm H2O 

through an IV system with needles connecting at the posterior side of the eyeball. For each pair 

of eye balls, one eye was randomly selected for laser treatment, and the other served as paired 

control.  The laser focal point scanned through the corneal stroma with a 5 mm diameter circular 

lateral shape and 10 consecutive treatment planes for 1A, 1B, and 1C eyes, or with a 1.5 mm*5 

mm rectangular lateral shape and 5 consecutive planes for 1D. In Group 1A and 1D, the corneal 

epithelia were removed with surgical scalpels and the stroma were exposed to 100 mW and 185 

mW average power for laser treated eyes. In Group 1B and 1C, the corneal epithelia were intact 

and the laser-treated eyes were exposed to 100 mW and 185 mW, respectively. 

Group 1E (n=9 pairs, or 3 rabbits) and 1F (n= 9 pairs) were used to evaluate the 

biomechanical changes of corneal after laser treatment of epithelium-off 100 mW (1E) or 

epithelium-off 185 mW (1F) melanin-assisted laser treatments. Corneal buttons (Ø 3mm) were 

biopsy punched from eyes harvested from the OS and OD eyes. Typical positions of the biopsy 

punch extraction are apical, nasal, temporal, inferior, and superior sites. The locations of the 

biopsy punches were always symmetrical between the OS and OD eyes to avoid intra-cornea 

sample bias from spatial modulus difference. For each animal, at least one button from both the 

OS and OD eye was chosen as the CxLed tissue to avoid inter-cornea sample bias. For each 
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symmetrical pair of corneal buttons, one was subjected to collagen modification (CxL or 

enzymatic digestion), and the other served as paired control that was subject to the same 

condition except for enzymatic exposure or light exposure. 

5.2.2.2 Group2: Enzymatic Digestion and Subsequent Crosslinking of Corneal Tissues 

Group 2 corneas (n=6 rabbits) were used to investigate the effect of melanin-mediated 

crosslinking and other positive control CxL methods on ectatic corneal tissues. For each rabbit’s 

pair of eyes, 5 pairs of corneal buttons were trephined, leading to 60 corneal buttons in total. 

Group 2A (n=12 buttons) were blank control samples only exposed to PBS. Subgroup 2B (n=18 

buttons) samples underwent a Chondroitinase ABC enzymatic digestion protocol (Sigma-Aldrich 

CS3667-5UN, USA) [331, 332]. Briefly, the biopsy-punched corneal samples were exposed to a 

50 mM Tris base, 60 mM sodium acetate (Thermofisher J61798-K2, USA), 0.1 U/ml C-ABC 

solution for 2 hours in a 37°C incubation chamber (INCU-line Digital Incubators, VWR 

International). Group 2C (n=12 buttons) were similarly enzymatically digested with an elongated 

exposure time of 16 hrs. Group 2D, 2E, 2F’s samples (n=6 buttons each) were first digested with 

C-ABC for 2 hours and then crosslinked with melanin-assisted laser treatment, ROS-Glycation-

CxL, and UVA-Riboflavin-CxL respectively (Table. 5-1).  

 

Table 5-1. Enzymatic digestions and following CxL treatments for Group 2 corneas.  
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5.2.3 Topography, Optical Coherence Tomography, and Ultrasound Pachymetry 

For Group 1A, 1B, 1C and 1D, effective refractive power (Eff. RP) was measured using a 

handheld topographer (EyeSys Vista, Texas, USA). The time history of change of Eff. RP was 

obtained by measuring topography at regular time intervals. The first measurement (Time Point 

1) was made about 0.5-1 hour after the eyes were mounted onto a custom-built holder and 

attached to an IV system, which kept the intraocular pressure at 18-20 mm H2O (the initial 

setup). Time Point 1 represents the baseline refractive power after stabilization at the controlled 

intraocular pressure before any alterations. The second time point was measured at 2 hours after 

the initial setup, and represents the refractive power after the melanin-assisted laser treatments. 

The third, fourth, fifth, and sixth time points represent the refractive power post-treatment 

evolution, with the seventh point being the final refractive power of each cornea at 

approximately 10 hours after sacrifice. Multiple topographies were taken at each point, and the 

average was calculated as the representative refractive power. For Group 1D eyes, total 

astigmatism with the meridian angle captured from each topography was also reported as shown 

in the Holladay Diagnostic Summary [201]. 

The thickness of the corneas was measured at the same time points described above. For 

Group 1A, 1B, 1C, and one rabbit in Group 1D, the corneas' cross-section and apical thickness 

were measured using an optical coherence tomographer (OQ LabScope Lumedica, North 

Carolina, USA) and calculated using a constant pixel-to-length conversion factor. The apical 

thickness of the remaining 4 pairs of samples in Group 1D were measured using an ultrasound 

pachymeter (Pachette 4, DGH Technology Inc, Exton, PA, USA).  



 112  

 

5.2.4 Nanoindentation 

For Group 1E and 1F, after overnight incubation in PBS at 4°C to reach equilibrium 

hydration, trephined corneal buttons were allowed to return to room temperature the next 

morning after the respective treatment days while glued to the bottom of a petri-dish with the 

anterior surface of the corneal button facing upward. A displacement-controlled indenter (Piuma, 

Optics11, Amsterdam, The Netherlands) with a spherical glass probe with a 25.5 μm radius and 

4.09 N/m stiffness was used to perform micro-indentations on top of the sample surface 

submerged in PBS; for each sample, multiple tests were performed following an array of 16 

equally spaced (4 x 4) contact points with a spacing of 200 to 250 μm, covering roughly a 1*1 

mm2 area at the center of each corneal button. All epithelia were removed before 

nanoindentation.  

For Group 2, corneal buttons were harvested on the first day and stored in PBS at 4 °C to 

reach equilibrium hydration overnight, and mechanically tested in a similar protocol described 

above using a spherical glass probe with a 47.5 μm radius and 0.44 N/m stiffness; the micro 

indentations were spaced 350 μm apart in a 3 x 4 matrix. After initial testing, Chondroitinase-

ABC enzymatic digestion and collagen CxL were performed on the samples following the 

respective protocols for Groups 2A to 2F. The treated corneal buttons were stored in in PBS at 4 

°C overnight again, and mechanically tested similarly on the third day.  

5.2.5 Statistical Analysis  

Paired t-tests were performed to compare immediate and sustained corneal diopter and 

thickness differences between laser-treated eyeballs and untreated eyeballs in Group 1A, 1B, 1C, 

and 1D. Mann-Whitney tests (non-paired, non-parametric) were performed for Group 1E, 1F, 

and Group 2A to 2F control corneal buttons due to uneven number of data processible by the 
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stress-relaxation curve fitting. One-way ANOVA tests were performed to compare the modulus 

difference before and after enzymatic digestion-related treatments in Group 2 with Post-hoc 

Tukey’s multiple comparison tests. Maximum and minimum within each sub-group were 

discarded.  

 

5.3 Results 

5.3.1 Circular 5mm Diameter Melanin-Assisted Laser Treatment 

For corneas that received epithelium removal and 100 mW circular laser treatment in 

Group1A, the averaged time histories of corneal topography suggested that the immediate Eff.RP 

Figure 5-1. (a) Time-history of effective refractive power variations over 10 hours for 

Group 1A, B and C. Shaded areas are standard deviations for time histories from all samples. 

(b) Significant immediate and sustained refractive power drop average differences were found 

between CxLed and control pairs for the epithelium-off with 100 mW LT Group1A and 

epithelium-on with 185 mW LT Group1C. (c) Ring images and refractive maps of the shown 

cornea before and after laser treatment from EyeSys Topography system. (d) Post LT ex vivo 

rabbit corneas with and without artificial tear film simulated by PBS.  
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drop after laser treatment was consistent and stable until the 7th final measurement point 

approximately at the 10th hour after sacrifice. A similar trend was observed in corneas with intact 

epithelium after 185 mW circular treatment in Group1C, although the normalized Eff.RP drop 

appear to be smaller in magnitude. However, corneas with intact epithelium that received 100 mW 

laser treatment in Group1B had a minor to none drop in Eff.RP. For all three sub-groups, controls 

experienced no obvious changes in Eff.RP from mechanical loading and melanin exposure 

(Figure. 5-1a).  

The average effective refractive power difference was calculated for each eye by 

subtracting the baseline diopter measured at the 0.5-hour timepoint from subsequent time points 

measurements. The diopter difference between the baseline and the 2-hour third timepoint was 

calculated as the "immediate diopter drop". Similarly, the "sustained diopter drop" was calculated 

between the baseline and the 10-hour final timepoint. For the epithelium-off 100 mW treated eyes 

in Group1A, there was a significant decrease (7.50±4.35 D) in refractive power immediately after 

laser treatment and a significant sustained decrease to the same magnitude (7.46±2.57 D) (p<0.05). 

For the epithelium-on 185 mW treated eye in Group1C, there were also significant immediate 

(4.32±1.22 D) and sustained decreases (4.67±2.25 D) (p<0.05). No refractive power differences 

were found between the laser treated and controls at all time points for Group 1B eyes with intact 

epithelium and 100 mW laser power (Figure. 5-1b). 

Representative OCT pictures at the apical corneal cross sections showed slightly increased 

cornea thickness for all eyes. For all laser treated eyes, tissue opacity increased close to the anterior 

corneal surface where the plasma-tissue interaction is the most intense. No significant differences 

were found between the laser treated eyes and control eyes across sub-groups 1A, B and C in 

swelling with respect to the baseline thickness at 0.5-hour (Figure. 5-2a, b).  
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Figure 5-2. (a) Representative optical coherence tomography (OCT) at the apical cornea 

for Group 1A, B and C. (b) The average change between the initial and third timepoint, and 

between the initial and final apical thickness measurements from OCT the paired corneas in 

each group. No significant immediate and sustained corneal apical thickness differences were 

found between all CxLed and control pairs. 

For each corneal button in Group 1 E and 1F, the averages of the 16 indentation results 

were reported and compared. The equilibrium moduli were significantly higher for the epithelium-

removed, 100 mW treated corneal buttons (79.76±109.48 kPa) compared to the untreated controls 

(13.83±10.45 kPa) in Group 1E (P<0.05); the enhancement in equilibrium modulus after 

epithelium-on, 185 mW treatment was also significant (33.60±18.67 kPa) compared to the controls 

(8.88±7.21 kPa) in Group 1F (P<0.01). Similarly, the viscoelastic ratio for laser-treated eyes were 

both significantly higher than their respective controls in Group 1E (P<0.01) and 1F (P<0.05) 

(Figure. 5-3a, b).  
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Figure 5-3. Statistically significant differences found between average equilibrium 

modulus and viscoelastic ratio of CxLed and control samples for (a) Epithelium-off with 100 

mW LT Group 1E and (b) Epithelium-on with 185 mW LT Group 1F. Data points shown are 

from each 3mm diameter corneal button.  

5.3.2 Chondroitinase-ABC Enzymatic Digestion 

Corneal buttons in Group 2 were mechanically tested with nanoindentation for two 

consecutive times before and after enzymatic digestion and collagen CxL treatments. Prior to post-

nanoindentation, pictures were taken for selects buttons to evaluate the effect of enzymatic 

digestion and CxL on the transparency of corneal stroma in Group 2A, B, C, D, E, and F (Figure. 

5-4). Treatment plans for each button were described in Table 5-1.  
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Figure 5-4. Representative images of rabbit corneal buttons in Group2A blank control, 

2B 3hr digestion, 2C 16hr digestion, 2D laser treated after 3hr digestion, 2E ROS-Glycation-

CxL after 3hr digestion, and 2F UVA-Riboflavin-CxL after 3hr digestion.  

Representative corneal button pairs in Group 2A, B, C, D, E, and F before and after are 

shown in Figure. 5-5a. Equilibrium moduli changes for all 60 buttons were compared. In general, 

cornea buttons after 3 hour and 16 hours digestion soften significantly; this softening effect could 

be retarded or even reversed if any of the corneal collagen CxL method were applied, such that the 

cornea button would not soften or would even stiffen (Figure. 5-5a).  

the averages of up to 12 indentation results were calculated to represent the biomechanical 

property of each corneal button. The difference of the pre and post collagen modification procedure 

equilibrium moduli for each sample was reported and analyzed with One-Way ANOVA with post-

hoc Tukey tests (F=17.3, p<0.0001). There was a significant difference in softening between the 

blank controls (Group 2A, -2.90±3.24 kPa) and the samples digested with Chondroitinase-ABC 

(Group 2B+2C, -11.56±6.54 kPa) (* p<0.05). All three collagen CxL method in Group 2D 

melanin-assisted laser treatment (5.59±5.31 kPa), 2E ROS-Glycation-CxL (3.84±9.13 kPa), and 

2F UVA-Riboflavin-CxL (12.34±12.20 kPa) following 3-hour digestion significantly enhanced 

the biomechanical strength of samples compared to the digested only samples (Group 2B +2C) 
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(*** p<0.001; **** p<0.0001); however, compared to the blank control samples without digestion 

(Group 2A), only the UVA-Riboflavin-CxL mechanism significantly stiffened the corneal tissues 

(Group 2F, ** p<0.01) (Figure. 5-5b).  

 

Figure 5-5. (a) For each corneal button, representative pre- and post- CxL or digestion 

procedure are shown with a maximum of 12 indentation per button. (b) Statistically significant 

differences found between average equilibrium modulus change of CxLed after digestion, 

digested-only, and blank control samples for Group2 A to F for all corneal buttons. 

5.3.3 Rectangular 1.5 mm by 5 mm Melanin Assisted Laser Treatment 

Epithelium removal and 185 mW melanin-assisted laser treatment was applied in a 1.5 mm 

by 5 mm rectangular “strip region”, with the longitudinal side of the rectangle parallel to the longer 

axis of the ellipsoid iris and pupil shape of rabbit eyeballs. The orientation of the meridian 

corresponding to the total astigmatism from the Holladay Diagnostic Summary for each of the 

laser treated and untreated control eyes in Group 1D were reported at the 10-hour final 

measurement point. For all 5 of the laser-treated eyes, this astigmatism meridian was close to the 
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horizontal position (0 degree) with small variations; conversely, untreated controls eyes had a more 

random distribution of the meridian, spanning from 0 to 90 degrees (Figure. 5-6). 

 

Figure 5-6. (a) Representative images of post laser treated ex vivo rabbit corneas with 

and without artificial tear film simulated by PBS. The rectangular laser scanning region are 

visible as a slightly white “strip” if the corneal surfaces are dry in Group 1D.  (b) Ring images 

and refractive maps of the shown cornea before and after laser treatment from EyeSys 

Topography system. (c) Major meridian distribution for all treated and control eyes at the 10th 

hour final time point. Width of the bars are standard deviations from multiple EyeSys 

Measurements taken at the timepoint. 

The averaged time histories of corneal topography showed a slight recovery from the 

immediate Eff.RP drop after laser treatment to the final measurement point (Figure. 5-7a). An 

increase of the total astigmatism is also showed with the peak of the astigmatism reached 

approximately 1.5 hour immediately after laser treatment. The amount of total astigmatism would 

decrease and stabilize at the 10th hour measurement (Figure. 5-7b). Paired controls again 

experienced no obvious changes in Eff.RP and total astigmatism from mechanical loading and 

melanin exposure.  
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The average Eff.RP power difference and total astigmatism difference between the laser 

treated eyes and the paired controls were similarly calculated. There was a large significant 

decrease (13.23±4.47 D) in Eff.RP immediately after laser treatment and the magnitude slightly 

recovered (9.21±2.35 D) for the sustained decrease in Eff.RP. Similarly, there was an increase of 

total astigmatism (5.12±2.11 D) both immediately after laser treatment and (4.91±0.5 D) at the 10-

hour measurement point.  

Representative OCT- captured corneal cross sections and ultrasound pachymeter readings 

showed slightly increased cornea thickness for laser-treated eyes. Tissue opacity increased in the 

rectangular laser-scanned region; cross-sectional scans perpendicular and parallel to the long side 

Figure 5-7. Time-history of (a) effective refractive power variations and (b) total 

astigmatism over 10 hours for Group 1D eyes. Shaded areas and error bars are standard 

deviations for time histories from all samples. Significant immediate and sustained (c) 

refractive power drop and (d) total astigmatism average differences were found between laser 

treated and control pairs.  
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of the treatment rectangle were shown. For Group 1D, no significant differences were found 

between the laser treated eyes and control eyes across at the 10-hour timepoint (5.05±39.28 μm), 

but laser treated eyes were significantly thicker right after laser treatment (98.776±60.63 μm) (* 

p<0.05, Figure. 5-8a, b).  

 

Figure 5-8. (a) Representative optical coherence tomography (OCT) at the apical cornea 

for Group 1D eyes scanned from directions perpendicular and orthogonal to the longitudinal 

side of the rectangular laser scanning region. (b) The average change between the initial and 

third timepoint, and between the initial and final apical thickness. 

5.4 Discussion 

This study explored melanin-assisted collagen CxL in rabbit corneal stroma using 

Ti:Sapphire Near Infrared (NIR) femtosecond oscillator pulses. This study was inspired by our 

previous work, where an Nd:glass femtosecond laser was used to create LDP and subsequent ROS 

for collagen CxL without the use of photosensitizers. This method was shown to increase the 

elastic modulus and adjust the refractive power of laser-scanned cornea while maintaining stromal 

keratocyte and endothelium cell viability. Thus, it showed great promise as a potential treatment 

for KCN, vision impairment, and astigmatism [160]. However, the success of this CxL paradigm 
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heavily relied on strict lasing parameters such as sub-hundred pulse duration, repetition rate, and 

beam focal point geometries. As such, we have introduced melanin to enhance the robustness of 

laser-mediated collagen CxL.  

Melanin is a naturally occurring bio-pigment, usually in a macro-molecular hydrophilic 

form [328, 333]. As a dark brown to black-colored pigment, melanin increases the absorption 

efficacy of incoming laser pulses into the adjacent transparent tissue. With laser parameters used 

in this study, the interaction of the laser focal point with the highest optical intensity and the 

melanin-covered tissue creates short-lived, visible "sparks". We hypothesize that since LDPs are 

being formed at the focal spot, these "sparks" manifest a more intense form of plasma. There are 

two synergetic effects of melanin absorption enhancement and LDP CxL. First, since melanin is a 

macromolecule, it is mainly insoluble in interstitial water; thus, even with direct contact and CxL 

reaction, melanin does not stain the corneal stroma. Second, melanin is a known scavenger for 

excessive ROS, which is the main product of LDP being produced inside and at the vicinity of the 

laser focal point [328, 330]. Even though the spark-initiated plasma generation appears to be 

aggressive and intense, we have discovered that the treatment mark left behind by melanin-assisted 

laser CxL is almost invisible under an artificial PBS "tear film". We attribute this minimally 

invasive feature to the melanin's ROS-scavenging ability, which could mitigate unwanted damage 

solicited by the more intense form of plasma generation.  

With the melanin-enabled robust laser-mediated plasma generation method, we were able 

to alter the effective refractive power of the central 3mm diameter cornea both without epithelium 

with an average power of 100 mW and with epithelium with a slightly higher power of 185mW as 

verified by ex vivo corneal topography. Noticeably, through cross-sectional images captured by 

OCT, we observed increased optical opacity at the treatment region at the anterior corneal surface; 
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this was also observable if the treated corneal surfaces were dry. However, this effect was only 

limited to the top 50 μm of the anterior surface. It seems that melanin dramatically enhances the 

laser treatment efficiency at the anterior corneal and protects the untargeted endothelium region, 

which is fragile and valuable as the endothelium does not naturally regenerate like the epithelium 

and is crucial for maintaining the water content of the corneal stroma [309]. The protective effect 

on endothelium was verified by apical thickness comparisons between treated and paired control 

eyes: laser treatment did not induce statistically significant swelling in both epithelia on and off 

treatments.  

Although laser treatment with epithelium on and 100 mW created a slight trend of 

decreased Eff.RP, this treatment was largely ineffective. Moreover, even with the 185 mW laser 

treatment, laser-treated corneas with intact epithelium experienced less refractive power reduction 

and a much rougher and more unpredictable laser scanning boundary, as shown in OCT. We 

suspect that melanin and epithelium interaction might have led to more complicated plasma 

generation and heat conduction patterns. Treatment variations of laser focusing and scanning 

dynamics with epithelium intact are warranted for future studies.  

Compared to the time history of laser-treated eyes in Wang et al. [160] , we did not observe 

any apparent "recovery" of effective refractive power, which was accredited to the viscoelastic 

stromal recovery from mechanical deformation of 40 mins coverslip flattening. This difference in 

topography time history evolution might be because the current treatment is faster (~25 minutes) 

than the previous treatment, and the mechanical loading was conducted in a milder, more 

controlled fashion. It is also possible that the more robust plasma-induced CxL mechanism could 

"lock in" the mechanical deformation completely by introducing CxL sites in a high-density 

fashion [277].  
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Through nanoindentation tests, we have confirmed the biomechanical enhancement of 

laser-treated corneal tissues. Both epithelium off 100 mW and epithelium on 185 mW treatments 

significantly increased the cornea's equilibrium modulus and viscoelastic ratio at the anterior 

treated region, albeit the fact that epithelium-on treatment produced smaller magnitudes of 

stiffening, which is consistent with the less amount of effective refractive power decrease 

observed. Compared to a more traditional UVA-Riboflavin-CxL mechanism and another non-

enzymatic CxL method based on glycation tested under identical procedures, melanin-assisted 

laser treatment yielded a comparable but slightly less amount of biomechanical enhancement 

[303]. We suspect that the difference might be due to the volume of tissue treated: the above two 

methods applied a UVA lamp as the light source, leading to a more widely covered CxL region 

than scanning a laser focal point. Additionally, melanin-assisted laser treatment does not rely on 

photosensitizers, possibly leading to unique CxL mechanisms such as zero-length CxL formations 

with simultaneous mechanical deformation.  

To validate the therapeutic potential of the melanin-assisted laser treatment for corneal 

collagen CxL on ectatic corneal disorders, we employed a previously developed ex vivo ectatic 

simulation model on rabbit corneas [331, 332]. Chondroitinase-ABC was used for enzymatic 

digestion of corneal buttons to simulate progressive KCN. Chondroitinase-ABC enzyme targets 

and digests proteoglycan core proteins and glycosaminoglycans, crucial for maintaining collagen 

interfibrillar CxL, intrafibrillar spacing, and ECM hydrodynamic maintenance. The loss of these 

functions leads to symptoms partially representative of KCN, including hydration-related 

thickness and transparency irregularities, collagen ultrastructure disruptions, and decreased 

mechanical strength of the diseased tissue [283, 295, 313].  
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Representative pictures of the digested corneal buttons can visually confirm the effects of 

the enzymatic protocol. Compared to the blank controls exposed to PBS only, some transparencies 

of the stroma were lost after enzymatic digestion, which was particularly obvious for the 16 hr 

overnight digestion group (Figure. 4). Nanoindentation tests before and after enzymatic digestion 

on the same corneal samples also confirmed the decrease of compressive elastic modulus strength 

at the anterior surface of the corneal samples. Out of the 18 buttons digested for 2 hours, 14 buttons 

significantly softened; for the 12 buttons digested overnight for 16 hours, 10 buttons significantly 

softened. The rate of successfully decreasing the biomechanical strength by Chondroitinase-ABC 

was 78% to 83%, approximately two-fold of the 42% softened blank control (5 out of 12 blank 

controls significantly naturally softened). 

In the established KCN simulation protocol, UVA-Riboflavin-CxL was shown to 

successfully CxL corneal tissues, which was confirmed by transmission electron microscope 

(TEM)-observed changes in collagen ultrastructure and the increase of thermal stability (transition 

temperature) examined through differential scanning calorimetry [331, 332]. In this study, we 

further confirmed the mechanical enhancement of the UVA-Riboflavin-CxL method following 

enzymatic digestion: only 1 out of 6 samples still softened. Another non-enzymatic collagen CxL 

based on glycation and ROS was also employed after enzymatic digestion and was able to halt the 

softening for 3 out of 6 samples. Noticeably, melanin-assisted laser CxL successfully reversed all 

6 samples from softening after KCN simulation, making the plasma-generated ROS-based method 

as consistent and robust as the UVA-Riboflavin-CxL. Due to the large variances in the sample 

distribution, all maximum and minimum data points from Group 2A to 2F were not included in 

comparing modulus change across different groups. Summarizing the difference in elastic modulus 

before and after all collagen modification procedures, we conclude that all three CxL methods 
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significantly increased the biomechanical properties of Chondroitinase-ABC digested samples. 

Compared to blank controls, however, only ROS-Riboflavin-CxL achieved statistically significant 

stiffening. Because of this, we hypothesize that proteoglycan core proteins and glycosaminoglycan 

affected by Chondroitinase-ABC could have a more critical role in providing compressive 

strength-related CxL creation in the laser-generated plasma-mediated ROS CxL and Millard 

reaction-based glycation mechanisms (Figure 5b) [81].  

Another pathological complication of KCN would be corneal astigmatism: thinning and 

protruding corneas would lead to incoming light rays focusing not on a single point but two focal 

lines or two primary meridians. Corneal astigmatism includes many classifications based on the 

orientation and the progression of such meridians, including regular or irregular, with or against 

the rule, and reducing or increasing concerning the peripheral position of the cornea. These 

astigmatism patterns usually lead to refractive vision errors [99]. With the spatially resolved nature 

of laser treatment granted by the precise focal point interaction with melanin, we hypothesized that 

melanin-assisted laser treatment could also be a dexterous therapy for vision correction required 

by astigmatism.  

However, due to the intersample variability of obtainable rabbit corneas, it was challenging 

to control the baseline of the astigmatism amount before treatment. Thus, we designed a 1.5mm 

by 5mm rectangular or "strip"-shaped laser scanning pattern in order to demonstrate the ability to 

adjust the curvature of a particular hypothetical meridian (Figure. 5-6). In other words, this laser 

treatment pattern could be applied to the relevant meridian of corneas with astigmatism to reduce 

the severity of corneal focal power imbalance between two meridia. The effect of the rectangular 

treatment can be assessed by the "Total Astigmatism" calculated in the Holladay Diagnostic 

Summary, an EyeSys software interface [201]. Specifically, the topographer assumes two 
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astigmatism meridians within the 3mm diameter apical region, and the refractive power difference 

between the two meridians is calculated as the "total astigmatism". There was an expected 

significant drop in effective refractive power due to the increased elastic modulus of the large 

volume of laser treatment. Additionally, the rectangle laser treatment successfully altered the 

magnitude of meridian angle refractive power difference: while the untreated controls had no clear 

meridians leading to a close to 0 total astigmatism reading, rectangular laser treatment led to over 

5 diopters of total astigmatism stable over the 10-hour measurement period (Figure. 5-7).  

Simultaneously, the angles of the meridian were also reported. Superimposing the average 

and the standard deviations of the reported meridian angles after treatment on a radial bar graph, 

we noticed a clear difference in meridian distribution between the laser-treated eye and the paired 

controls. A dominating meridian around the 0 degree corresponds clearly to the rectangular laser 

treatment, while the longitudinal 5mm axis perpendicular to the meridian had a lowered refractive 

power. This trend was counterintuitive because the expected drop of Eff.RP would have been 

parallel to the longitudinal axis. However, apical cross-sectional scans from OCT showed a more 

dramatic tangential slope difference between the laser-scanned region and untreated region in the 

direction perpendicular to the longitudinal rectangle axis, which might have contributed to the 

sharp drop of refractive power along this meridian. This observation elucidates practical guidelines 

for astigmatism therapy with the rectangular laser scanning pattern: to decrease the refractive 

power of a chosen meridian, CxL in the direction perpendicular to the meridian might yield 

targeted vision correct results.  

Finally, it is worth discussing the similarities and differences between the melanin-assisted 

laser treatment and "cold plasma" therapy, which utilizes low-temperature (below 40 degrees 

Celsius) atmospheric pressure plasmas to generate chemically active species that react with 
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biological targets at different scales, including proteins, cells, and tissues [334, 335]. Inside the 

plasma plume, reactive and non-reactive chemical species, charged particles, and photons are 

produced. Typical healthcare-related applications of cold plasma medicine include bacteria 

inactivation, wound healing promotion, and cancer cell neutralization [156, 336, 337]. 

Specifically, non-thermal plasma has been shown to facilitate blood coagulation in a similar 

fashion to protein (Dityrosine) CxL under extensive oxidative stress from hydrogen peroxide and 

hydroxyl radicals introduced by the presence of plasma [338, 339].  

These cold plasma therapy applications are highly relevant to the laser treatment introduced 

in this study, as direct plasma-tissue interaction facilitated by melanin was essential to the 

robustness of this CxL mechanism. The main difference between cold plasma therapy and 

melanin-assisted laser treatment lies in the plasma generation method: instead of using dielectric 

barrier discharge in argon or helium gas plasma micro jets, laser-generated plasma relies on the 

combination of ultrafast pulses, high focal volume intensity, and the presence of interstitial water. 

The micron-level precision of the operating focal point ensures the spatially-resolved nature of the 

laser treatment, making this method preferential for precise vision correction on the corneal 

surface. However, the similarity between melanin-assisted laser treatment and cold plasma therapy 

encourages the exploration of new plasma-sensitive assistive agents other than melanin, such as 

metal nanoparticles, for a more controlled and engineerable interaction between ROS-producing 

plasma and the corneal tissue [340].  

In recognition of the undesirable "mark' left by the laser treatment, further morphological 

examinations and long-term in vivo experiments are needed to understand the safety and stability 

of plasma-cornea interaction yielded effects. Specifically, the effect of the laser treatment on 
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collagen ultrastructure integrity, epithelial and stromal cell viability, and optical transparency will 

be the foci of future evaluations in animal studies. 
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Chapter 6 : Plasma Spark-Mediated Femtosecond Laser Collagen 

Crosslinking of Articular Cartilage for Osteoarthritis Treatment 

6.1 Introduction 

Osteoarthritis (OA) is a progressive, multi-tissue joint disease with degenerative changes 

in articular cartilage and subchondral bone. OA is the leading cause of disability in United States 

due to affected articular cartilages’ diminished role in minimizing wear while transmitting load to 

adjacent joints [341] . OA is characterized by an asymptomatic early state and a debilitating late-

stage progression as articular cartilage has limited ability for self-repair. One of the main 

challenges of OA management is lack of symptoms and recognition in its early stages. Once OA 

progresses to late stages, after pharmacological remedies are exhausted, treatment usually involves 

invasive orthopedic surgery such as partial or total joint replacement (osteochondral graft transfer). 

Newer, less-invasive techniques such as microfracture bone marrow stimulation and autologous 

chondrocyte implantation are not cost effective [119-121].  At present, there are no pre-emptive 

treatments for OA that provide conclusive relief or effectively delay its progression [342, 343].  

Although the nature of OA is complex, the mechanical and biochemical degradation of 

extracellular matrix (ECM) of cartilage is one of the key parameters for disease progression [344]. 

The primary components of articular cartilage are collagen and proteoglycans (PG), both of which 

contribute to the tensile strength and structural integrity [23, 30]. There are numerous subtypes of 

collagens in healthy articular cartilage, with type II collagen taking 90-95% of the total collagen 

present [345]. Type II collagen is also a fibril forming collagen with tropocollagens as the basic 

building blocks that are connected with intermolecular and intramolecular CxLs. Compared to the 

two α1-one α2 polypeptide chains in collagen type I tropocollagens, type II tropocollagens are 

made up of three α1 chains. Due to this structural difference, type II collagen molecules have more 
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candidate amino acid residue sites compared to type I collagen molecules. Thus, type II collagen 

network is likely to be more complex and stable than type I due to the greater potential for CxL 

formation [346]. Loss of CxLs in the collagen fibrillar network leads to the tissues’ inability to 

balance PG-related hydrostatic pressure, resulting in swelling, softening and degradation of ECM 

[347]. Therefore, introducing CxLs to OA-afflicted cartilage offers potential to stabilize the 

degrading ECM network and impede progression of OA.  

Collagen CxL methods are widely used to increase mechanical properties of engineered 

and natural collagenous tissues. Physical crosslinking methods include dehydrothermal CxL and 

low-wavelength UV exposure. Chemical crosslinking methods include glutaraldehyde, genipin, 

and carbodiimide application. These highly effective CxL methods expose tissues to cytotoxic 

levels of temperature, hydration status, and concentrations of reactive radicals and nucleophiles 

[348]. Further, it is difficult to control the onset and spatial position of CxLs in these methods for 

practical therapeutic applications. Alternatively, photochemical CxL methods applied in cartilage 

tissue required enzymatic digestion of PGs before CxL to be effective and led to cytotoxic and 

inflammatory responses [349-352]. Thus, there exists a need for a minimally invasive, low 

cytotoxic CxL modality that can lead to effective biomechanical enhancement of articular cartilage 

for OA treatment. 

Previous work described in prior chapters focused on imparting low pulse energy, ultrafast, 

and high repetition rate laser pulses into corneal tissue to create collagen CxLs by ROS generation. 

This modality was achieved by the laser generation of low-density plasma (LDP) without thermal 

damage to the ECM and apparent cytotoxicity to ECM-embedded cells [160]. Preliminary work 

also showed laser treatment’s potential in inducing type II collagen CxL in bovine articular 

cartilage to effectively increase equilibrium elastic modulus in compression tests and reduce 
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frictional damage in wear tests [163]. It was hypothesized that femtosecond laser-induced ROS-

mediated collagen CxL can strengthen the cartilage and improve its wear resistance without 

significant cytotoxicity to the surrounding area. However, due to the subtlety and sensitivity of 

LDP generation as described in previous chapters, this CxL modality may be challenging to 

reproduce with sufficient accuracy and efficacy in a clinical setting. This chapter’s main objective 

is to engineer a robust, clinically translational cartilage CxL therapy using femtosecond oscillator 

pulses without photosensitizers.  

After the application of the Nd: Glass laser-mediated collagen CxLs was performed in the 

absence of a photosensitizer, autofluorescence imaging showed a connected, homogenous region 

of increased autofluorescence in the laser-scanned region [160]. This signal pattern was 

unexpected because the interstitial water ionization process was hypothesized to be multiphoton 

in nature, where the multiphoton efficiency is supposed to be confined in the focal volume [236]. 

As such, the laser rasterization pattern should have had signal intensity variances towards the 

center of each laser scanning track due to the nature of multiphoton ionization. This imaging 

pattern made it difficult to verify where exactly the laser focal point was in the sample. Laser focal 

point positioning must be validated to ensure the robustness of the laser crosslinking treatment.  

In Study 1 of this chapter, we aim to enhance the laser focal precision and investigate the 

spatially resolved nature of the treatment. We hypothesize that using a two-photon activation 

method, the application of a photosensitizer (Riboflavin) may result in CxL forming in a way that 

can be more readily imaged to reveal the spatial distribution of imparted CxL and the penetration 

depth of the laser treatment [276]. 

One possible explanation for the high-volume crosslinking effect is that a particular 

sectioning orientation of the sample might have led to this signal pattern. However, this is unlikely 
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due to the widely observed autofluorescence trend in treated samples. Another possible 

explanation is that the specific set of lasing parameters led to resonance-enhanced multiphoton 

ionization (REMPI) [141, 171]. In this process, the ionization of atoms within the laser focal 

volume is enhanced, as the ionization probability might have reached a potential resonance 

maximum near the intermediate transition states of an exited electron in the water molecule. We 

hypothesize that REMPI led to high ROS production efficiency and spatial coverage of CxL 

produced by Nd: Glass laser treatment. As the position and width of such resonance maxima 

depend on the exciting electromagnetic field’s strength and characteristics, this method is 

extremely strict on the lasing parameters such as target molecular structure, laser intensity, 

wavelength, pulse duration, and repetition rate [169-173, 353, 354]. This unpredictability and 

volatility in treatment efficiency are not ideal because the translational therapeutic version of this 

technology may transition from free space optics to optic fiber application for surgical dexterity, 

which could significantly change pulse laser characteristics.  

In Study 2 of this chapter, we plan to enhance ROS production by introducing a more 

robust plasma generation method. As described in Chapter 5, we hypothesize that the melanin-

enhanced plasma generation and direct plasma-tissue interaction can be adapted from cornea 

stroma to the SZ of bovine articular cartilage to create collagen crosslinking. 

Additionally, by taking advantage of the self-focusing optical filament effect made possible 

by the extremely high peak power of the femtosecond laser pulses, we propose to generate plasma 

directly above the target region through a thin glass coverslip without touching the sample, which 

is achieved by focusing the laser on top of said coverslip to create plasma sparks [174, 176]. There 

are two possible advantages of the spark-mediated laser treatment. First, the plasma spark is 

generated with the application of a thin layer of alcohol-rich dark-colored pigment, avoiding direct 
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exposure to the sample and thus avoiding potential chemically sourced cytotoxicity. Second, it has 

been observed that the laser ablation or ionization threshold of fused silica (glass material) can be 

reduced at the liquid-solid interaction interface, especially if the liquid is alcohol [355]. As such, 

instead of generating LDP through the REMPI mechanism, we hypothesize that plasma can be 

more robustly generated through the spark-mediated method and effectively “transferred” through 

self-focusing induced optical filament across the coverslip. 

In Study 3a, the biomechanical enhancement ability of the spark-mediated laser treatment 

was tested in devitalized bovine articular cartilage. ROS generation, or plasma “transference” 

across the coverslip in cartilage interstitial water, was examined with ROS-scavenger vitamin C 

[356]. In Study 3b, spark-mediated laser treatment’s collagen crosslinking capacity was surveyed 

with devitalized human OA samples. To avoid excessive heat generation in the process of 

preserving chondrocytes, flowing PBS is provided to the sample during laser treatment to promote 

heat transfer through heat convection. In Study 3c, cell viability was investigated with live bovine 

cartilage plugs and live/dead cell staining.  

In summary, this chapter aims to create a robust, intensity-adjustable, cell viability-

preserving collagen CxL technique that provides biomechanical enhancement of articular cartilage 

for OA treatment. 

 

6.2 Materials and Methods 

A detailed light sources summary can be found in the Appendix (Table 8-5).  
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6.2.1 Articular Cartilage Sample Preparation  

6.2.1.1 Immature Bovine Cartilage 

Immature (2-3 months old) bovine joints were obtained from an IACUC-exempt local 

abattoir (Green Village Packing, NJ) at the day of slaughter. A biopsy punch was used to trephine 

cylindrical plugs (3 mm) from the distal femoral articular layers. To further prepare the sample 

for CxL treatments and characterizations, a freezing stage sledge microtome (Leica Biosystems 

#SM2400; Physitemp Instruments #BFS-30TC) was used to remove excessive tissues from the 

deep zone such that the remaining plug has a height of approximately 2 mm (preliminary studies) 

or 1.4mm (main studies). The prepared samples were stored in a -20 C freezer in PBS with 0.1% 

protease inhibitors (0.5 M Ethylenediaminetetraacetic acid, EDTA, #03690) and 0.04% 

isothiazolone-based biocide (Proclin 950, Millipore Sigma, #46878-U) and thawed before 

treatment.  

6.2.1.2 Human OA Cartilage 

Two fresh frozen human knee joints were obtained from a tissue bank (59 years old, female, 

1,023 N, right knee; 47 years old, male, 823 N, right knee) and dissected to expose the articular 

cartilage on the distal femur.  Joints were stained with India ink then washed with PBS to assess 

the degree of OA present in the tissue present in the form of pre-existing surface blemishes such 

as fibrillation. Cylindrical plugs were trephined in the distal femoral articular layer using a biopsy 

punch. A scalpel blade was then used to remove the sample from the joint by cutting below the 

cylindrical scored area to remove the cartilage from the bone. Samples were then similarly trimmed 

at the deep zone to maintain a thickness approximately 1.31±0.06 mm and stored in the PBS 

solution described above in a -20 freezer until usage.  
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6.2.2 Two-Photon Activation of Riboflavin  

6.2.2.1 Two-Photon Photochemical Crosslinking of Immature Bovine Cartilage 

In Study 1, samples were soaked with a photosensitizer, a riboflavin solution, which was 

then activated with either laser (Groups A, B and C) or ultraviolet A light (Group D), to produce 

crosslinks. Four groups of samples were tested: Group A (n=12), B(n=12), C (n=12) and D (n=8). 

Groups A, B and C were subjected to an average laser power of 165 mW. Group A had a zigzag 

grid lasing pattern in the XY-plane, with a spacing of 50 μm between parallel laser paths; the 

treatment was repeated for 5 layers, 50 μm apart in the Z-direction. Group B had the same treatment 

pattern in the XY-plane, with 11 layers along Z, 20 μm apart; Group C had a denser lasing zigzag 

grid in the XY-plane with 25 μm spacing between adjacent laser tracks, and 5 layers along Z, 50 

μm apart. The average laser powers were controlled with a variable metallic neutral density filter 

(Thorlabs, NDC-50C-4-B). Group D samples were subject to traditional UVA-Riboflavin-CxL as 

described in previous chapters. For all 4 groups, treated samples were paired with untreated control 

samples, which experienced the same experimental conditions but were not irradiated by the laser. 

Before laser irradiation, cartilage plugs were soaked overnight in 0.2% Riboflavin 5’-

monophosphate (Sigma-Aldrich Inc., USA) with 20% Dextran (Sigma-Aldrich Inc., USA). 

Wavelength tunable (680-1080 nm) Ti: Sapphire laser Chameleon Ultra II (Coherent Inc., Santa 

Clara, USA) with out-of-cavity beam waist of 1.2 mm was used to produce 760 nm laser irradiation 

with 120 fs temporal pulse length at 80 MHz repetition rate. The average power of the light source 

was adjustable. The laser beam was focused using a microscope objective (Zeiss LD plan-Neofluar 

40x/0.6 Corr) objective with the effective Numerical Aperture of 0.1463. The focal plane position 

at the surface of the superficial zone of cartilage was found by identifying a spark on the bottom 
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of a 0.15 mm coverslip pressed against the sample. Lasing was rasterized into the specimen with 

a hexapod (H-840.D2A-AXIS_X, Physik Instrumente, USA), moving at 1.2 mm/s. 

6.2.2.2 Autofluorescence Imaging 

Multiphoton confocal imaging is known to reveal the presence of CxLs in collagenous 

tissues and gels [69, 285, 357]. Imaging was performed with a Nikon Ti Eclipse inverted 

microscope using a Ti: Sapphire laser Chameleon Ultra II at 860 nm as the light source and a 

Nikon Apo LWD 25x gel immersion objective for focusing. The emission filter was set at FITC 

channel for autofluorescence signal collection. The XY scanning area was 516 μm by 516 μm, and 

Z scanning was 250 μm deep with 5 μm increments. 

 

6.2.3 Femtosecond Oscillator Laser Treatments 

6.2.3.1 Melanin-Enhanced Femtosecond Laser Treatment of Immature Bovine Cartilage 

In Study 2, the superficial zone of bovine cartilage plugs was covered in 0.1% melanin in 

PBS. A coverslip (Coverglass, 24×60 mm, ~150 𝜇m thickness, Electron Microscopy Sciences, 

Hatfield, PA) were slightly pressed against the melanin-covered SZ of the cartilage plug by a 

custom holder (3-D printed with biocompatible resin, Biomed Amber resin, FormLabs, MA), 

which is roughly parallel to the holder base. The compression of the samples was controlled by 

washers on the holder post with slightly smaller thickness to the sample.  

Laser treatment was conducted with a fiber oscillator (Fidelity II, Coherent, Santa Clara, 

CA) and focused with the same microscope objective (Zeiss Plan-NeoFluar 40x) as in Study 1. 

The oscillator laser pulses had a central wavelength of 1069 nm, temporal pulse duration of 40.6 

fs, and repetition rate of 70 MHz. A raster scan similar to preliminary Study 1 was performed with 

a 25 μm increment zig-zag pattern in a 3 mm diameter circular pattern parallel to the cornea and 6 
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layers of consecutive treatment planes covering the anterior 150 μm into the depth of the sample. 

The sample was moved at a speed of 2.6 mm/s and a maximum acceleration of 4 mm/s2. One such 

scanning interval took approximately 45 minutes. A total of 4 subgroups of samples were treated: 

Control samples were only exposed to the melanin PBS solution (n=20). Remaining samples were 

treated with an average out of objective power in the ranges of 50-75 mW (n=12), 100-150 mW 

(N=29), and 200-250 mW (N=56), respectively.  

The focal point of the laser in the z-position was located through interaction of the focal 

range of the beam with the melanin. Specifically, the focal point of the laser interacts with the 

melanin deposited on top of the cartilage SZ to generate plasma in the form of “sparking” due to 

the increased optical intensity of the focal range.  

6.2.3.2 Spark-Mediated Femtosecond Laser Treatment of Bovine and Human Cartilage 

In Study 3a, 24 bovine samples from three bovine knees were evenly divided into 4 groups 

with 6 samples in each group. Samples in Group 3a-A and 3a-B were only exposed to PBS. 

Samples in Group 3a-C and 3a-D were incubated in a 0.168 M Vitamin-C (VC) (L-ascorbic acid 

2 phosphate, #A8960) PBS solution overnight in a 4 Celsius fridge. In Study 3b, 24 human OA 

samples were equally divided into Groups 3b-A and 3b-B.  

For samples in Group 3a-A, 3a-C, and 3b-A, laser treatment was conducted with the 

femtosecond fiber laser (Fidelity II, Coherent, Santa Clara, CA) coupled with the same microscope 

objective (Zeiss Plan-NeoFluar 40x). Sample holders were mounted onto custom built holders and 

placed on the hexapod motion system (Physik Instrumente, USA). Samples were moved at 30 

mm/s and a maximum acceleration of 60 mm/s^2 under the laser focal point to ensure the fast and 

even treatment of the entire region of interest. Samples were treated in a prescribed plane of 

concentric circles (1.75 mm radius) separated by 25 m between treatment lines. Two layers of 
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treatment were prescribed to target the superficial zone, each separated by 20 μm. One scanning 

interval took approximately 2-3 minutes. The treatment average power out of objective was set to 

200 mW. Group 3a-B, 3a-D, and 3b-B were respective control groups without exposure to the 

laser irradiation.  

The laser focal position identification in spark-mediated laser treatment was found 

differently from the preliminary studies without the aid of photosensitizers and melanin. A thin, 

uniform layer of black dry erase marker pigment (Remarx Dry-Erase Markers, Staples, USA) 

applied by hand in approximately a 5x5 mm square on top of the coverslip pressing against the 

sample. The focal point positions in the z-axis were located on the four corners of the pigmented 

region on the coverslip and averaged as the optimal starting position in the z-axis for laser 

treatment (Figure. 6-1).  

A tube attached to a syringe pump (InfusionONE Single Channel Syringe Pump) was 

affixed to the sample holder to supply a constant fresh flow of PBS to hydrate the sample and 

maintain low temperature during treatment with a 0.16” inner diameter pneumatic tubing (Fre-

Thane 95A polyurethane Pneumatic tubing, Freelin-Wade). The syringe pump was set to supply 

PBS at a rate of 10 mL/hour (0.1667 mL/min).  

A data-logging thermocouple with a computer interface for continuous (HH506RA, 

Omega Engineering) was fixed to the sample holder and positioned directly next to the sample (~1 

mm distance) during treatment to monitor temperature during treatment. Data was collected at a 

rate of 30 𝑠−1 with ±(0.05% + 0.3 ℃) accuracy and 0.1 ℃ resolution.  
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Figure 6-1. (a) Articular cartilage laser treatment demonstration with syringe pump, 

thermocouple, and hexapod motor scanning system. Custom 3D printed holder cap keeping 

the sample and coverslip stabilized from (b) the top view and (c) the side view. Black pigment 

application (d) on top of the coverslip for spark-mediated laser CxL is shown in (e). Bovine 

cartilage before (f)(g) and after (h)(i) treatment shape changes could be observed.  

6.2.4 Chondrocyte Viability 

6.2.4.1 Sterile Bovine Sample Preparation and Laser Treatment 

In Study 3c, the chondrocyte viability was assessed following the laser treatment. First, 

samples were harvested under sterile conditions and subjected to laser treatment, followed by 

live/dead analysis. Sterility was maintained throughout the process by conducting dissections 

within a sterile hood. The viability of the samples was sustained by incubating them in 0.25X 

DMEM media supplemented with ascorbic acid and hydrocortisone. Prior to laser testing, samples 

were positioned in the sample holder within the sterile hood and hydrated with media. To prevent 

potential contamination, sterile polyester plate film (SealPlate® film, Sigma Aldrich) was applied 

around the perimeter of the sample holder to restrict excess airflow. All equipment was sterilized 

using ethanol before coming into contact with the samples. Subsequently, samples were transferred 
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out of the sterile hood and transported to the laser treatment optical table in aluminum foil caging 

to prevent contamination during transit.  

Throughout the laser treatment process, a continuous supply of media was delivered to the 

samples via a tube connected to a syringe pump. The laser treatment followed a standardized 

protocol identical to that described in Section 6.2.3.2 for nonsterile experiments. Following laser 

treatment, samples were returned to the sterile hood, removed from the sample holder, and 

submerged in 1.5 mL of media. When not undergoing treatment, the samples were housed in a 

gentle oscillating incubator.  

6.2.4.2 Live/ Dead Staining  

To prepare for imaging, samples underwent staining with LIVE/DEAD solution to 

distinguish between living (green) and dead (red) cells. LIVE/DEAD solution was formulated by 

combining PBS (without additional inhibitors) with ethidium bromide and calcein (Invitrogen, 

Molecular Probes). Each sample was immersed in 500 μL of LIVE/DEAD solution before 

imaging. Following incubation, samples were visualized using confocal fluorescence microscopy 

(Zeiss LSM 700). The emission filter settings were configured to capture signals from the FITC 

channel for green (indicating live cells) and the Texas Red channel for red (indicating dead cells), 

with the intensity of the exiting light source limited to below 8%. The XY scanning area covered 

a diameter of 4 mm, encompassing the surface area of the cartilage plug. Samples were positioned 

SFZ down, with the scanning range set at 150 μm from the SFZ position. 

6.2.5 Compressive Equilibrium Modulus Testing 

The equilibrium compressive modulus of the 3 mm cartilage plugs submerged in PBS 

was acquired through performing displacement-history controlled, unconfined compression stress-

relaxation tests using a custom mechanical testing device following previously established 
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protocols [358, 359]. Unconfined compression of the sample was executed using a polished 

stainless-steel platen with a diameter of 25.4 mm, which was driven by the displacement actuator 

of the testing device. Initially, a tare load of 0.1 N was applied for 600 seconds through a load-

control feedback loop, ensuring the attainment of equilibrium creep deformation. This tare load 

application was succeeded by a stress relaxation (SRL) compression to 10% strain, corresponding 

to 10% of the initial sample thickness, at a rate of 0.5 µm/s. Following this compression, the top 

platen remained stationary for 1800 seconds before unloading the cartilage plug.  

The average applied stress was calculated as 𝜎(𝑡) = (𝐹(𝑡) − 𝐹𝑡𝑎𝑟𝑒)/𝐴, where 𝐹(𝑡) and 

𝐹𝑡𝑎𝑟𝑒  represent the applied and tare load, respectively. The equilibrium elastic modulus was 

analyzed in a custom MATLAB code as  𝐸𝑌 = as 𝜎(1800𝑠)/𝜀10%, where 𝜎(1800𝑠) is the applied 

stress at 1800s, and 𝜀10% is the 10% compressive strain specific to each sample.  

6.2.6 Statistical Analysis 

One-way ANOVA tests were performed to compare absolute change and percentage 

change in equilibrium modulus for Study 1, Study 2, and Study 3a; multiple comparison Tukey 

tests were performed within each study. Paired, parametric t-tests were performed for Study 3b.  

Two-way, repeated measures were used to compare the actual equilibrium modulus before and 

after the treatment in Study 3a and Study 3b followed by Post-hoc Bonferroni’s multiple 

comparison tests.  
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6.3 Results 

6.3.1 Study 1: Riboflavin Photochemical Crosslinking  

6.3.1.1 Autofluorescence Imaging 

In Study 1, for Group A, the XY zigzag pattern and increments along Z are clearly 

distinguishable compared to the background signal. For Group B, the 20 μm increments along Z 

produce connected sheets across the 11 treatment layers. For Group C, the narrower 25 μm XY 

distance is evident. With a uniform average power of 165 mW for all Z depths, as the laser focal 

plane delves deeper into the superficial zone, the fluorescence signal intensity of all samples 

clearly decreases. The size of the CxLed regions mostly agreed with the focal volume (FV) 

estimated from the laser treatment path lines, approximated as a cylinder with radius 

𝑊𝑥𝑦=0.32𝜆/√2𝑁𝐴, where 𝜆=laser wavelength, and 𝑁𝐴=objective numerical aperture, and height 

2𝑍𝑅, where 𝑍𝑅=2𝜋𝑛𝑊𝑥𝑦2/𝜆 is the Rayleigh range, 𝑛=tissue refractive index. We calculated 

𝑊𝑥𝑦=1.18 μm and 𝑍𝑅=7.98 μm (Figure. 6-2). 

 

Figure 6-2. Representative laser scanning pattern and corresponding autofluorescence 

signal of the treated superficial zone of cartilage in Study 1. XY, XZ, YZ plane views for Group 

A, B, C. All scale bars are 50 μm. XYZ size is 516*516*250 μm. Intensity and size adjusted.  
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6.3.1.2 Equilibrium Modulus 

The change of equilibrium modulus before and after riboflavin-based photosensitizer 

collagen crosslinking for each bovine sample are reported in both percentage [%] and absolute 

value [kPa]. Compared to untreated samples (-0.77±1.79%, -26.97±27.5 kPa), laser treated 

samples (Groups A, B, C, combined) under 2-photon activation of riboflavin (-0.02±0.11%, 

13.79±13.79 kPa) and samples underwent traditional UVA-Riboflavin-CxL (-2.43±1.70%, -

22.25±20.32 kPa) both had no significant modulus change difference (all P > 0.05) (Figure. 6-3).  

 

Figure 6-3. Absolute and percentage changes for equilibrium compressive stiffness of 

immature bovine cartilage samples treated by two-photon activation of riboflavin or 

traditional UVA-Riboflavin-CxL in Study 1. Minimum, lower quartile, median, upper 

quartile, and maximum value along with all data points are shown. 

6.3.2 Study 2: Melanin-Enhanced Femtosecond Laser Treatment  

In Preliminary Study 2, after direct exposure to melanin and plasma generation during laser 

focal point scanning, treated samples had small but non-significant modulus increases in the 50-

75 mW group (-2.48±19.82%, -22.08±68.14 kPa), 100-150 mW group (8.93±23.35%, 

15.97±122.1 kPa), and 200-250 mW Group (13.82±44.06%, 28.95±161.4 kPa) compared to the 
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modulus change of the melanin-exposure only control group (-4.82±6.1%, -22.00±23.49 kPa) (all 

p > 0.05) (Figure. 6-4). 

 

Figure 6-4. Absolute and percentage changes for equilibrium compressive stiffness of 

immature bovine cartilage samples treated by melanin-enhanced laser treatment for Study 2.  

6.3.3 Study 3: Spark-Mediated Femtosecond Laser Treatment 

6.3.3.1 Study 3a: Immature Bovine Modulus Change with and without Vitamin C 

The most significant stiffening effect was observed in laser treated bovine samples without 

VC. One-way ordinary AOVA tests were performed for the change of modulus in all 4 groups in 

Study 3a with or without spark-mediated femtosecond laser treatment and VC-supplemented PBS 

(F=32.00; ****, both P < 0.0001). Post-hoc Tukey’s multiple comparison tests shows that (1) 

spark-mediated LT without VC had a significant stiffening effect (52.9±17.95%, 251.4±113.7 kPa) 

compared to the non-VC supplemented control group (-2.998±3.093%, -11.57±11.08 kPa) (****, 

p<0.0001), (2) spark-mediated LT with VC also had a significant stiffening effect (19.02±16.38%, 

72.03±46.11 kPa) compared to the VC supplemented control group (-10.79±3.16%, -60.03±28.05 

kPa)(**, p<0.01), (3) spark-mediated LT without VC significantly stiffened the cartilage in a 
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higher magnitude compared to spark-mediated LT with VC (***, p<0.001), and (4) there was no 

significant difference between non LT controls with or without VC supplementation (p=0.5562 

for absolute changes and 0.6976 for percentage changes) (Figure.6-5).  

 

Figure 6-5. Absolute and percentage changes for equilibrium compressive stiffness of 

immature bovine cartilage samples treated by spark-enabled laser treatment for Study 3a. 

6.3.3.2 Study 3b: Human OA Cartilage Modulus Change 

In Study 3b, there was a significant increase in the modulus change for laser treated human 

OA samples (28.502±18.435%, 83.982±68.783 kPa) compared with paired controls 

(3.985±6.216%, 8.555±15.829 kPa) (*, p<0.05 for absolute change; **, p<0.01 for percentage 

change). Paired parametric t-tests were performed between spark-mediated laser treated human 

OA samples and controls. (Figure. 6-6).  
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Figure 6-6. Absolute and percentage changes for equilibrium compressive stiffness of 

human OA cartilage samples treated by spark-enabled laser treatment for Study 3b. 

 

6.3.3.3 Before and After Treatment Moduli Comparison 

Two-way ANOVA with repeated measures were performed to compare the average 

compressive equilibrium moduli for each treatment groups for both Study 3a in bovine samples 

and Study 3b in human OA samples. The effect of time significantly depended on laser treatment 

for both bovine samples (F=28.14; ****, p<0.0001) and human OA samples (F=13.66; **, 

p<0.01). Post-hoc Bonferroni’s multiple comparison tests were performed within each treatment 

group between the before and after moduli. Spark-mediated LT produced significant stiffening 

after treatment for bovine LT no-VC group (from 475±105 kPa to 726±199 kPa; ****, p<0.0001), 

bovine LT with VC group (from 461±144 kPa to 533±115 kPa; *, p<0.05), and human OA group 

(from 278±112 kPa to 362±173 kPa; ***, p<0.001). Respective non-laser treated controls in 

bovine no-VC and human OA groups all experienced close to 0 kPa change in equilibrium modulus 

change (p>0.9999); control samples in the bovine VC-supplemented group experienced a non-
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significant slight drop of equilibrium modulus (from 546±159 kPa to 486±139 kPa; p=0.1224) 

(Figure. 6-7).  

 

 

6.3.3.4 Temperature Measurement   

The temperature measurements of the surrounding customized PBS solution during spark-

mediated laser treatment with the average out of objective power at 200 mW are reported in Figure 

8. The temperature follows the same trend for all treatment and samples types: the temperature of 

the surrounding environment rises from room temperature around 25 Celsius to around 30 Celsius 

during the 4 minutes laser irradiation exposure, then slowly comes back to the room temperature 

within a few minutes when the sample, coverslip and pigment are removed from the laser focal 

point (Figure. 6-8).  

Figure 6-7. Elastic moduli before and after spark enabled laser treatment for all 

bovine and human samples in Study 3a and 3b. Error bars are standard deviations. Two-way, 

repeated measures ANOVA were performed for the bovine and human groups separately 

with post-hoc Bonferroni’s multiple comparison tests.  
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Figure 6-8. Thermocouple recorded temperature reading around and during spark-

enabled laser treatment for Study 3a and 3b. Laser exposure time (4 mins) interval roughly 

includes the focusing procedure before hexapod-automated scanning sequence. Error bars are 

standard deviations. 

6.3.3.5 Study 3c: Live/ Dead Imaging of Bovine Chondrocytes 

The 6 bovine samples exposed to spark-mediated laser treatments demonstrated good 

chondrocyte viability in the cartilage superficial zone 5 days after treatment. Compared to the 

maintained whole field viability form the loading only control and batch control, small areas of 

decreased cell viability can be observed near the outer rim of LT4 and LT6. The worst-case 

viability scenario can be observed in LT, the upper left region of which experience significantly 

more cell death (Figure. 6-9).  
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Figure 6-9. Live/dead staining images 5 days after spark-mediated laser treatment 

roughly 100 μm from the surface of the superficial zone in Study 3c. Blank control, or batch 

control, were not taken outside of the bio safety hood prior to imaging. Loading control were 

subject to the same sample handling procedure except for laser exposure. 

6.4 Discussion  

In Study 1, tightly focused ultrafast laser pulses at 760 nm excite riboflavin via a non-

linear, two-photon process [69, 276], and enable CxLs to form in the cartilage. Compared to the 

single photon process using a UVA light source at 365 nm, it is assumed that the multiphoton 

laser-photochemical reaction only occurs within the focal volume region where the light intensity 

is at its highest. This feature provides spatial precision of the crosslinking treatment with a 

relatively low average power. However, the tissue’s depth-dependent light absorption (𝐴) still 

plays a role and may be governed by the Beer-Lambert Law, 𝐴(𝜆)=𝜀(𝜆)𝑐ℓ, where 𝑐 is 

concentration, 𝜀 absorptivity, and ℓ optical path length. As light penetrates deeper into the tissue, 
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assuming negligible changes in 𝑐 and 𝜀 of attenuating species, absorption increases [360], thus 

decreasing the efficacy of the crosslinking process. Simultaneously, due to the non-uniform spatial 

distribution of the native components of the superficial zone of articular cartilage, heterogeneity 

of the optical refractive index causes a mixture of Rayleigh and Mie elastic scattering of light 

[361]. While scattering effect decreases with wavelength, absorption is the lowest at near-IR 

ranges in biological tissues [362]. The superficial zone also introduces optical aberrations as an 

extension of the focusing lens, including spherical aberration due to its inherent curvature, and 

chromatic aberration due to group velocity dispersion. The resulting temporal and spatial 

anomalies of the pulse shape are proportional to the optical path length inside the medium and 

cannot be neglected for femtosecond pulses [363]. Optical aberrations, together with the 

absorption and scattering of light, induces loss of crosslinking efficacy in deeper zones of the 

tissue. This loss can be corrected by raising the focal plane irradiation intensity by adjusting the 

average power in the deeper treatment plane.  

Additionally, we have showed that both the traditional UVA-Riboflavin-CxL and two 

photon activation riboflavin using femtosecond laser does not significantly stiffen the bulk 

compressive equilibrium modulus of the tissue. The avascular nature and limited oxygen levels 

decrease the efficiency of Riboflavin mediated CxL as oxygen was crucial in achieving 

biomechanical changes for this CxL method [70]. Additionally, the types of collagens are different 

between cartilage (type II) and cornea (type I), leading to ECM composition differences that might 

render UVA-riboflavin-CxL ineffective in increasing compressive modulus.  

Notably, the previous ROS mediated photochemical crosslinking method was successful 

in both type I and type II collagens. By generating a low-density plasma (LDP) at the laser focal 

point laser within the SPF, 1059.6 nm, 99 fs, 80 Mhz and 65 mW ultrafast laser pulses create an 
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ionization field that produces reactive oxygen species (ROS) from interstitial water. ROS, such as 

hydroxyl radicals, react with the collagen fibril-rich ECM to create CxLs that increase the 

biomechanical strength of the laser-scanned tissue volume [160, 163]. However, though the 

procedure is highly safe and the results stable, the efficiency of the treatment relies heavily on 

exacting optical parameters of the femtosecond oscillator pulse.  

In Chapter 5, we proposed an extension of the previous femtosecond oscillator-based 

collagen crosslinking method by increasing the intensity and consistency of the plasma generation 

at the focal point, which was achieved by applying melanin, a naturally occurring biocompatible 

pigment, to increase the local optical absorption of tissue [326, 327]. Since plasma-produced ROS 

are responsible for collagen photochemical bond formation, we hypothesized that melanin-assisted 

femtosecond oscillator treatment can successfully crosslink collagenous ECM, which was 

validated through nanoindentation and corneal anterior surface topography changes.  

The same method was applied on the cartilage in hope of achieving the same crosslinking 

effect in Study 2. However, even though there were observed stiffening effect especially in the 

higher power group, a good number of samples also softened, leading to an unstable and 

contradicting CxLsing effect overall. We suspect that there might be three reasons behind this 

ambiguous result aside from collagen type differences. First, there might be a mechanical 

behavioral difference at the macro-scale (unconfined bulk compressive test, >100 μm height 

difference) and micro-scale (nanoindentation, 4-5 μm compression) between the results from 

cornea and cartilage [364]. Second, compared to the entirely transparent cornea, cartilage SZ 

appears opaque due to the non-uniform spatial distribution of the native components of the 

superficial zone of articular cartilage, leading to potentially more absorption of optical energy and 

thermal exposure and damage [361]. Third, articular cartilage SZ has a much bigger pore size 
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(6~11 nm diameter) [365] compared to that of the cornea (~2 nm diameter) [366], promoting the 

adherence and permeation of melanin particles which does not entirely dissolve in PBS and 

interstitial water [367]. Excessive laser irradiation can occur in a small area where the pigments 

are concentrated, leading to a dramatic “burning” effect on the cartilage that disrupts ECM 

integrity. 

A major limitation of preliminary Study 1 and 2 would be the use of external chemical 

agents such as riboflavin and melanin. Both UVA or 760 nm activation of riboflavin 

photochemical crosslinking have been reported to cause stromal cell death in corneas [276]. 

Similarly, we have observed cytotoxicity originating from the interaction of laser pulses and 

melanin. Because of chondrocytes’ highly specialized function to create ECM, low population 

density, and limited capacity to regenerate, loss of cell viability is highly detrimental to OA 

treatment and recovery. Thus, further development of a stable, cartilage SZ crosslinking method 

without the need of external photosensitizer or agent is warranted.  

In response to advancing and adapting the laser generated plasma crosslinking method, 

spark-mediated laser treatment was developed. Instead of the cartilage tissue’s direct exposure to 

plasma and absorption-enhancing pigment such as melanin, plasma in the form of a spark is 

generated on top of the coverslip through the application of an alcohol-containing pigment. Due 

to the optical Kerr effect, we hypothesize that the high peak laser irradiance causes the refractive 

index of the coverslip to increase, effectively making a local focusing lens [174] [176]. After 

focusing, the high intensity at the second focal point leads to the second plasma generation, which 

may act as a defocusing lens. This phenomenon is widely studied as self-focusing and 

filamentation in transparent bulk media by femtosecond lasers [178]. 
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The threshold of self-focusing is dependent on a critical power defined in Chapter 1 [176]. 

With a typical soda-lime glass type coverslip, the refractive index is 1.5 and the nonlinear 

refractive index at ~3∗ 10−20 𝑚2/𝑊, which yields the threshold for self-focusing to be 3.8 MW. 

For our current laser treatment using the fiber femtosecond laser (Fidelity 2, Coherent, Inc.) and 

an average power of 200 mW, the peak pulse energy can be calculated as 2.857 nJ, and the 

maximum peak power is 70.34 kW or 0.70 MW with a 40.6 fs pulse duration. (For the previous 

Nd:Glass laser (HighQ , Austria) with an average power of 65 mW, the peak pulse energy would 

be 1.25 nJ, and the maximum peak power is 12.61 kW or 0.12 MW with a 99 fs pulse duration). 

It is obvious that self-focusing would not occur if we only consider the Kerr effect and a standard 

glass coverslip. 

However, self-focusing could also occur in generated plasma for ultra-high intensity laser 

pulses as a result of the relative mass increase of electrons close to the speed of light and the 

reduction of electron density from the pondermotive force at the laser focal volume [179]. The 

threshold of plasma-mediated self-focusing is quadratically proportional to the ratio of laser 

frequency and plasma frequency, which is dependent on the plasma electron density [177, 182]. It 

was theoretically hypothesized that if the plasma frequency is high enough, the critical power can 

be brought down to the order of 10 kW [182]. 

Additionally, the alcohol containing pigment might also contribute to plasma generation 

robustness. Plasma-spark was generated at the intersection of alcohol-rich pigment and coverslip 

glass. In the field of laser material processing, this form of plasma generation was proposed as 

“laser-induced backside wet etching”. Compared to a transparent bulk solid material such as soda-

glass or fused silica, the ablation or plasma generation threshold in the auxiliary liquid is 

significantly smaller; alcohol such as ethanol is reported to have the lowest ionization threshold 
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compared to water and glass. Plasma generated in the auxiliary liquid then subsequently interacts 

with the bulk material [355]. With accumulated exposure to laser pulses, it is possible that plasma-

spark-initiated ionization of the coverslip surface could lead to the formation of microchannels or 

micron-size waveguides throughout the coverslip thickness, which has been reported with pulsed 

excimer lasers on silica glass [183-186]. Compared to direct laser-tissue interaction, the plasma 

spark-mediated laser treatment requires a much lower power threshold and increases the 

repeatability and robustness of multiphoton ionization of water if self-focusing filamentation is 

successful. 

However, spark-mediated laser treatment may generate an unwanted thermal effect due to 

objectively creating more plasma near the sample surroundings. To minimize thermal shock 

damage to the chondrocytes, we provided a flowing PBS environment to promote heat transfer 

through convection. This addition is clinically relevant as cartilage orthopedic surgeries might be 

performed with the SZ submerged underneath saline or synovial fluid. The thermocouple probe 

measured the temperature of the sample-surrounding environment under the additional PBS flow, 

stayed approximately 30 Celsius during treatment, and dropped back down to room temperature 

in minutes without laser exposure.   

In Study 3a, spark-mediated laser bovine treatment led to an average of 50% of modulus 

change. Laser treatment with VC significantly decreased the magnitude of stiffening, which 

confirmed that ROS is a major component in the study, as ascorbic acid is a major ROS scavenger. 

Furthermore, high VC concentration increases osmolarity, which has proven to help with 

crosslinking efficiency [368]; however, bovine samples treated in a hyperosmolar environment 

due to VC supplementation instead had a decreased crosslinking efficiency. These results further 

prove the mitigating effect of VC and ROS dependency on collagen crosslinking. In the VC-
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supplemented control group, there were trends of softening of the actual equilibrium modulus 

before and after treatment. It is possible that VC might be interfering with protease inhibitor 

function [369], leading to more collagen degradation. We propose a future study on spark-

mediated laser treatment with different VC dosages to elucidate the softening effect further.  

In Study 3b, laser treatment yielded significant stiffening in human OA cartilages. However, there 

were large variances in the stiffening amount for the treated samples, which had more surface 

irregularities and uneven features compared to healthy bovine samples used in Study 1. It is 

possible that uneven surfaces lead to irregularity during laser focusing, which may decrease the 

amount of filamentation delivered plasma exposure to the sample in the spark-mediated laser 

treatment process.  

In Study 3c, to further validate the safety of the spark-mediated laser treatment, 

chondrocyte cell viability was tested using a live/dead cell staining kit. The results demonstrated 

favorable cell viability. Small areas of decreased cell viability probably come from small physical 

scratches and uneven marker distribution. Cell deaths were more commonly found around the edge 

because the hexapod decelerates at the edge, leading to extended laser exposure at the sample 

peripherical. Laser focal point dwelling in one position leads to more severe cell death, so focusing 

procedure in the future should be assisted with a CCD camera to find the “spark” for the Z position 

away from the sample. The observed large cell death zone in sample LT3 might be due to the 

uneven thickness of the sample: part of the sample (higher end) gets compressed more or might be 

exposed to more spark and excessive laser irradiation due to uneven focusing. When the lower half 

of the focal volume coincides with the higher part of the sample, the starting Z position could be 

misleading and inaccurate.  
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In this chapter, we have developed a plasma spark-mediated laser treatment for the 

multiphoton ionization of interstitial water and subsequent crosslinking of cartilage SZ collagen. 

The compressive bulk equilibrium after crosslinking has been increased while preserving 

chondrocyte viability. An important continuation of the study would be the investigation of 

cartilage wear resistance after laser treatment, which will be thoroughly discussed in the next 

chapter.  
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Chapter 7 : Conclusions and Future Directions 

In conclusion, we have investigated the therapeutic interactions of femtosecond nano-joule 

laser pulses and transparent collagenous ECM, such as corneal stroma and articular cartilage SZ. 

An ocular wound healing treatment based on the interaction of LDP-created ROS and 

inflammatory cytokines was proposed and validated on in vivo rabbit corneas. The combinatory 

effects of simultaneous external mechanical loading and non-enzymatic collagen crosslinking, 

including UVA-Riboflavin-CxL and ROS-Glycation-CxL, on ex vivo rabbit corneas were 

elucidated, which permanently adjust the collagen fibril packing ultrastructure and corneal anterior 

curvature instrumental for vision correction. Robust plasma and ROS generation methods, such as 

melanin-enhanced or spark-mediated collagen crosslinking laser treatment, were proposed and 

applied on ex vivo corneas for managing ectatic diseases and on articular cartilage plugs for 

osteoarthritis treatment. Due to the wide therapeutic scope, there are limitations and challenges of 

this thesis work that can benefit greatly from the following potential future studies. 

 

7.1 Continued Exploration of Plasma Generation Methods and Target Tissues 

Plasma-generated ROS are the crucial collagen modifying agents in all of the laser-related 

therapeutic modalities above. However, there is few conclusive evidence on what kinds of protein 

structures, such as amino acid functional groups, are susceptible to change under laser-generated 

radicals and on what types of collagen crosslinks are formed. From a wound healing treatment 

perspective, more quantitative ELISA can be performed with laser-treated cytokines such as IL-

1α, TGF-β, and FGF to evaluate if ROS could adjust their protein binding affinity [246-250]. From 

a collagen crosslinking perspective, methods such as fluorescence spectroscopy and Raman 

spectroscopy could elucidate the amount and type of crosslinks generated [370-373].  
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For spark-mediated laser crosslinking, the validation of self-focusing is crucial for 

understanding the intrinsic nature of the treatment. As we have discussed in Chapter 6, the current 

laser parameters used do not meet the Kerr-effect dominated self-focusing power threshold. To 

evaluate plasma-mediated self-focusing or accumulated pulses-mediated optical filamentation, in 

situ high-resolution and high capture rate imaging of the coverslip during laser scanning could 

help us study the mechanism of the plasma spark-mediated laser protocol [174]. 

Aside from low-density plasma being generated directly from the ionization of interstitial 

water, other types of plasma-related methods, such as cold plasma therapy and plasmonic 

nanoparticles application, are also widely used on biological tissues and worth investigating for 

ROS-mediated collagen crosslinking. Specifically, cold plasma therapy has been reported to create 

chemical crosslinks [374, 375], promote wound healing [376], and promote cartilage generation 

[375]. Plasmonic gold particles interacting with oscillator femtosecond pulses have also been 

shown to mediate ROS-based tissue and cell manipulation [377, 378].  

Additionally, other load-bearing collagenous ECM in different organs could benefit from 

the biomechanical enhancement of photochemical-mediated collagen crosslinking. For example, 

riboflavin activated by UVA light (385 nm) and blue light (450 nm) LED lights in human pregnant 

and non-pregnant cervical tissues have facilitated significant stiffening after photochemical 

crosslinking on a micrometer length scale [80]. Considering the opaqueness of the cervical tissue, 

if light delivery through the LED to the deeper region of the cervical stroma proves to be difficult, 

multiphoton activation of interstitial water or photosensitizer through ultra-low energy laser pulses 

could be viable alternatives.   
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7.2 Articular Cartilage Friction and Wear Test 

OA is characterized by long-term and acute wear of the articular cartilage, which can be 

roughly defined as the removal of tissue due to mechanical articulation, surface fatigue, and 

abrasion. Abnormal biomechanical and pathological compositional changes to the collagenous 

ECM may accelerate cartilage wear. Peterson et al. and others [379-381] have shown that the 

primary cause of cartilage wear is fatigue failures caused by reciprocating compressive forces and 

not frictional forces by repeatedly sliding cartilage strips against a spherical glass hemisphere. This 

testing protocol represents a physiologically relevant migrating contact area (MCA) configuration. 

The frictional coefficient, defined as the ratio between the frictional force and the normal force, 

can be measured along with the load-controlled, time-dependent creep behavior of the cartilage 

strip. Surface roughness from topographic scans and histology cross-sections reveal that surface 

fatigue manifests as delamination of the cartilage SZ. It is hypothesized that by introducing more 

Col CxL in the SZ and between the SZ and middle zone, surface fatigue could be avoided. 

Recent photochemical crosslinking methods have been reported to increase the wear 

resistance of cartilage SZ in bovine as additional collagen crosslinking stabilizes the collagenous 

ECM. Specifically, our group's previous work demonstrated that after LDP-mediated ROS 

collagen crosslinking, bovine cartilage plugs displayed no significant morphological damage after 

the MCA configuration wear test, whereas untreated controls had visible damage [161, 382]. 

Noori-Dokht et al. [73] showed that after 670 nm activated Al(III) phthalocyanine chloride tetra 

sulfonic acid (CASPc) photochemical crosslinking, wear on bovine cartilage plugs was 

significantly reduced as quantified by the less amount of sulfated glycosaminoglycans (sGAG) 

release to the solution bath during testing. 
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The spark-mediated laser treatment produces the same amount of modulus percentage 

stiffening on average compared to the LDP-mediated laser treatment. Thus, we hypothesize that 

spark-mediated laser treatment can similarly increase cartilage wear. We propose to subject 

cartilage strips treated with spark-mediated laser crosslinking to the MCA configuration wear 

testing and evaluate its wear resistance against untreated controls based on surface morphology 

(roughness), friction coefficient, creep, histology, and potential biochemical assays.  

 

7.3 Laser Treatment Efficacy Duration and Safety Evaluations  

Ex vivo samples were widely used to validate the crosslinking efficiency in this thesis work. 

For corneal refractive diopter changes, a 10-to-12-hour post-sacrifice period may not be enough 

to demonstrate the long-term curvature changing effect and the safety of the laser irradiation. 

Histology will be conducted on treated corneal cross section to evaluate the depth of treatment 

efficacy, ECM changes, and thermal damages, which is expected due to the observed corneal 

opacity from OCT cross-sectional scanning. To evaluate if the superficial damage is transient, in 

vivo studies are planned and proposed for the melanin-mediated laser treatment on Dutch-belted 

rabbits to evaluate the treatment's safety and effect, especially on the anterior stroma transparency 

and epithelial recovery [160].  

We have demonstrated in Chapter 3 and 4 the combinatory effect of simultaneous 

mechanical loading and crosslinking on the collagen fibril packing in cornea stroma. However, 

mechanical loading in this study was designed for exaggerated clinical curvatures, such as extreme 

flattening and steepening with the whole eyeball intact. A more basic, parametric study with 

simpler loading patterns (such as uniaxial tensile or compression) might be helpful in determining 

the minimum threshold of effective mechanical deformation. Tracking transient changes of stroma 
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ultrastructure during crosslinking and loading would also be feasible due to BNL's synchrotron 

XRD [200]. Additionally, investigating collagen orientation adjustment during loading and CXL 

through XRD might also be a beneficial future study as collagen orientation is related to the 

biomechanical behaviors for both healthy and pathological corneas [383].  

In Chapter 6, we have also shown that chondrocytes have good viability after laser scanning 

but are still vulnerable to excessive heating if the laser pulses dwell or create excessive sparking. 

Potential thermal and pressure protection such as osmolyte trimethylamine N-oxide (TMAO) for 

chondrocytes could be applied [384, 385]. Initial toxicity and biocompatibility assessment of 

treatment cartilage plugs in vivo can be performed via implantation into subcutaneous pouches on 

the dorsum of athymic nude mice (Charles River) [386, 387]. For in vivo validations of laser CxL 

treatment’s efficiency, OA induction models such as surgical anterior cruciate ligament transection 

[387] or mechanical muti-cycle loading [387] will be applied to chosen animal models; subsequent 

laser treatment and long-term evaluation post-surgery will be conducted. Additionally, it is worth 

investigating if chondrocyte supplementation procedures such as autologous chondrocyte 

implantation could be compatible on a laser-treated ECM to promote chondrocyte activity after 

CxL [388].  
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Chapter 8 : Estimated Laser Parameters 

 

Table 8-1. Light sources (1059.6 nm and 1069 nm) and motorized scanning system in 

Chapter 2.  

 

Table 8-2. Light sources (365 nm, 400 nm, 800 nm, and 1069 nm) and motorized scanning 

systems in Chapter 3.  

 

Table 8-3. Light sources (365 nm, 400 nm, 800 nm, and 1069 nm) and motorized scanning 

systems in Chapter 4. 
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Table 8-4. Light sources (365 nm and 1060 nm) and motorized scanning systems in 

Chapter 5. 

 

 

Table 8-5. Light sources (365 nm, 760 nm, and 1069 nm) and motorized scanning systems 

in Chapter 6. 
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