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Abstract 

Osteoarthritis (OA) affects 300 million people worldwide, with roughly 80% of these cases being 

knee OA. While there are many events that promote OA, injury and maladaptive repair of the 

meniscal discs is a major factor. Considerable prior research has examined mechanisms behind 

regenerating avascular meniscal tissue, however, many limitations in both in vivo and in vitro 

models exist. The literature demonstrates that hyaluronic acid (HA) has viscoelastic properties 

conducive to tissue regeneration and specifically the rate of stress relaxation creates a regenerative 

cellular response not yet examined in meniscal cells1. The linear HA polymer has limited 

mechanical properties; however, functionalization using adaptive chemical moieties to promote 

crosslinking has been previously used to optimize those properties for tissue engineering 

applications. Common examples include use as injectables and scaffolds which creates further 

potential for implementation as extracellular matrix (ECM) mimics for in vitro studies of cell 

behavior and differentiation.  

HA functionalized with increasing amounts of pentenoic acid (PHA) provided a thiol-ene “click” 

chemistry platform to promote chain growth polymerization, and optimize crosslink density to 

modulate hydrogel network properties, including swelling and compressive properties. Herein, the 

role of degree of -ene substitution, modulated by the HA monomer to pentenoic acid molar ratio, 

on crosslink density and resulting network properties was investigated in water, phosphate 

buffered saline, and human cell complete growth media. Crosslink density was shown modulate 

the mechanical and physical characteristics of the hydrogels including swelling, compression, 

viscoelasticity, uniform network formation and degradation. The increased crosslinking led to 

reduction in swelling, increase in compressive modulus, a shift in the viscoelastic properties and 

reduction in mesh size and rate of degradation. In PBS and complete growth media with increased 
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ionic strength, osmotic deswelling resulted in reduced swelling and reduced compressive modulus 

values of the gels. 

PHA hydrogels showed considerable progress toward the goal of producing a tunable hydrogel 

that resembles the ECM physically and viscoelastically.  The robust production delivered 

reproducible degree of substitution (DoS) as a function of input ratios. The limitations of the 

system were apparent as the DoS increased and the possible occurrence of intramolecular thiol-

ene reactions were increasing.  By performing experiments in ionic solutions to mimic physical 

conditions it was evident that the ionic contributions from the solutions decreased the range of 

outputs for the gels due to osmotic deswelling.  Even with osmotic deswelling the system is robust 

and allows for the control of the viscoelastic components of these hydrogels.  This control is 

fundamental for utilization of the PHA system in future stress-relaxation studies.  Across all 

conditions, the viscoelastic properties followed trends shown in native soft tissues including 

meniscal tissue, which is of interest for future studies. 
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Introduction 

Around 250-300 million people worldwide are affected by osteoarthritis (OA)2-5 .  Of these cases, 

around 80% are varying levels of knee OA6, 7.  Knee OA is a systemic inflammatory disease that 

diminishes and destroys healthy articular cartilage through persistently elevated levels of pro-

inflammatory cytokines and a reduction in the ability to produce the key extracellular matrix 

(ECM) molecules4, 7. Meniscal tears are the most prevalent intra-articular knee injury and pose 

significant risk in the development of OA. The disease state is exacerbated by the fact that the 

cartilage and fibrocartilage of the knee contains avascular regions that lack sufficient nutrients for 

repair, coupled with low mitotic activity, thus exhibiting extremely limited ability to self-heal7-9.  

Risk factors for knee OA include age, gender, obesity, and trauma2, 4, 8. The prevalence of OA 

increases with age and women are considerably more likely to suffer from knee OA as age 

increases 6.  Current treatments include pharmaceuticals7, microfracture9 , stem cell therapy10, 

surgical implantation of scaffolds 8 and utilizing injectable hydrogels11. Current tissue engineering 

approaches using hydrogels to repair and regenerate the meniscus do mimic the native ECM to a 

degree but are still limited1, 12.  Considerable work has been done to understand cell differentiation 

in the meniscus required for new ECM production, organization, and regeneration of the tissue13, 

the importance of viscoelastic ECM properties for meniscal repair and regeneration14 and how 

hydrogels are pivotal in the translation of regenerative strategies from in vitro to in vivo1, 5  but 

there is still a long way to go to move away from treatment to a cure. 
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Meniscus and ECM 

The meniscus of the knee, Figure 1, is in appearance a simple set of two “C” shaped (semi-lunar), 

wedge shaped disc that function to provide stability to the knee, joint congruency, distribute force, 

enact homeostasis for the articular cartilage and provide lubrication15-18. The meniscus is divided 

into 3 regions; the red-red, the red-white and the white-white. The outer, red-red region, is 

vascularized and contains fibroblast-like fibrochondrocytes.  The middle, red-white region, is 

minimally vascularized and transitions away from fibroblast-like to chondrocyte-like 

fibrochondrocytes.  The inner, white-white region, is primarily composed of chondrocyte-like 

fibrochondrocytes 15, 19. The remainder of the meniscus is made up of the ECM, predominantly 

composed of collagen type I, in the outer, vascularized zone and collagen type II in the inner, 

avascular zone15 .  The positioning and alignment of the cells and the ECM components allows for 

the meniscus to repeatedly distribute the forces primarily from the femur17, Figure 2.  Highly 

aligned collagen fibers follow the curvature of the meniscus and are coordinated with the radial 

Figure 1.  Knee Meniscus.  The left frame shows the 3 regions of the meniscus; red-red, red-white and white-

white.  The right frame shows the transition from fibroblast to chondrocytes moving from red to white zone.  It 

also shows that the red is vascularized and the white is avascular. (Reproduced from Bochynska)15 
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bundles of collagen that are interwoven with the circumferentially distributed bundles. The 

circumferentially aligned fibers take on stresses when the meniscus is compressed through the 

vertical axis, reducing hoop stresses17, and the shear forces are distributed along the radial collagen 

fibers, reducing displacement20.  The structure and function of the meniscus and the ECM are 

highly complex and still being elucidated, but there is much to learn about the forces that inform 

tissue regeneration through mechanotransduction and gene regulation. 

 

 

 

 

 

 

 

Figure 2. Free body diagram of the forces exerted on the knee and 

resulting forces exerted by the meniscus. (Reproduced from Markis)17 
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Hyaluronic Acid 

 

 

 

 

 

 

 

Hyaluronic acid (HA), Figure 3, is an unbranched, non-sulfated glycosaminoglycan (GAG) that is 

a  component of the ECM21 and is composed of repeat units of (1-3)-β-N-acetyl-D-glucosamine 

and (1-4)-β-glucuronic acid22, 23.  Overall, HA has a negative charge distribution which results in 

the hydrogel having an equilibrium water constant > 90%24, 25.  This allows HA to hold up to 1000x 

its polymer weight in water, thus showing similar physical characteristics to soft tissue22, 26.  HA 

in native physiological conditions can range in size from 100 kDa – 8000 kDa23. The molecular 

weight and concentration of HA can affect its biophysical and mechanical properties.  Low MW 

HA has been shown to contribute to pro-inflammatory response, promoting cell attachment24, pro 

-angiogenesis, stimulation of gene expression in some epithelial cells22, release of heat shock 

protein and a non-apoptotic cellular response27.  Whereas high MW HA shows anti-angiogensis28, 

immunosuppression, anti-inflammatory response24 inhibition of cell proliferation24, cell 

quiescence22 and increased entanglement23.  The viscoelasticity of HA is connected to the 

molecular weight and concentration23. Since the discovery of HA in 1934 its use in biomedical 

and tissue engineering have expanded greatly due to its many attributes including: 

Hyaluronic Acid 
Figure 3.  Chemical Structure of Hyaluronic Acid. (Reproduced from Itano)28 
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biocompatibility, biodegradablity, chemically modifiable, and non-immunogenic27, 29. HA plays a 

role in tissue growth and remodeling30, regulation of cell adhesion26, mediation of cell growth and 

proliferation, cell motility, extracellular molecular signaling28, and angiogenesis21.  HA has a 

relatively simple structure but can be modified typically at the carboxylic acid or the hydroxyl 

groups, Figure 4. 

 

 

 

 

 

 

Modification of HA affords the ability to crosslink the normally linear strands and binding of 

peptides such as arginine-glycine-aspartic acid (RGD), an adhesive peptide to enhance cell 

binding24.  HA has a natural CD44 cell receptor that is used to bind to cells in the meniscus21, 30.  

Interactions with the CD44 receptor can play a pivotal role in tissue growth and remodeling30. The 

capability for orthogonal chemistries for HA modification can also allow for multimodal systems: 

enhanced crosslinking and enhanced cell attachment or signaling31, 32.  Enhanced crosslinking 

density can affect mechanical properties of the hydrogel, increasing the strength and compressive 

moduli and altering the viscoelasticity25.  Control of the viscous and elastic components of the 

hydrogel network offers a platform in vitro system to investigate how these properties affect 

mechanotransduction and the interplay during tissue regeneration. 

Figure 4.  Structure of HA showing possible chemical modification sites. (A) is the 

carboxylic acid and (B) is one of the four hydroxyl sites. (Reproduced from Muir)23 
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Viscoelasticity and Mechanotransduction for Tissue Regeneration 

As discussed previously, the ECM is a complex environment that is constantly degrading and 

rebuilding33 and is an integral part of the interaction with cells to perform fundamental processes 

such as proliferation, migration, and differentiation14. Until recently, these interactions were 

examined in context of the elasticity of the cellular environment as cells attached to and interacted 

with the ECM34.  It is becoming more apparent that the ECM is not a simple elastic system and 

new and innovative materials are necessary to investigate the importance of the viscoelastic 

properties of the ECM as it communicates with cells14.  The fluid nature of the ECM lends to more 

viscous fluid properties, while still maintaining connection or crosslinks that exhibit elastic 

components.  The viscous components address the time dependent nature of the deformation of 

the cell attached to the surface35. In cartilaginous tissues the loss modulus (viscous components) 

is 10-20% of the storage modulus (elastic component).  This characteristic makes designing 

hydrogel models that mimic the native ECM more difficult36, but they are critical for understanding 

the behavior of cells14. The differences of forces that are exerted on the cells effectively transmit 

mechanical cues to the cells to promote biochemical signaling, a process known as 

mechanotransduction37.  Hydrogels with adaptable properties, such as HA, have been utilized to 

examine dedifferentiation of chondrocytes in the avascular articular cartilage with some success38 

and fibroblast differentiation39. Some hydrogels have been modified with the RGD peptide 

enhancing cell adhesion40. Although these studies investigate the effects of viscoelasticity on tissue 

regeneration are promising, they are still relatively new and limited14, 41.      
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Thesis Objectives 

The overall purpose of this thesis is to develop a thiol-ene based hyaluronic acid hydrogel network 

with tunable crosslink density to achieve a range of viscoelastic properties for future 

characterization of cell phenotypes and behaviors. To accomplish this, the role of degree of ene 

substitution on network formation and resulting physical properties were investigated.  

Crosslinked network formation was assessed via the physical properties determined by the 

swelling ratio, compressive modulus at 10-20% strain, secant compressive modulus, crosslink 

density, and experimental low field NMR data to show a relative mesh size trend. The results from 

this thesis will inform future design and fabrication of hyaluronic acid-based hydrogels to 

investigate the role of viscoelastic properties on mechanotransduction in cells involved in the 

repair of the meniscus.   

Materials 

Materials for PHA production 

The materials required for production of PHA were as listed below: Sodium Hyaluronate of 

molecular weight 60 kDa was purchased from Lifecore Biomedical in Chaska, MN.  The molecular 

weight distribution range was listed as 66-99 kDa.  4- Pentenoic Anhydride, 98% was ordered 

from Sigma Aldrich, St. Louis, MO. N,N Dimethylformamide, (DMF) of 99.8% purity was 

ordered from Sigma Aldrich, St. Louis, MO. Ultrapure water that was deionized and ultra filtered 

was obtained from Fisher Chemical, Waltham, MA. Sodium Hydroxide granular crystals were 

obtained from Sigma Alrich, St. Louis, MO, and dialysis tubing with a mwco of 6-8k was ordered 

from Spectrum Labs, in Piscataway, NJ. 

Materials for PHA Hydrogel Production 

The materials required for production of PHA hydrogels were as listed below: DL – Dithiothreitol, 

(DTT) of  >99%  purity was obtained from Sigma Aldrich, St. Louis, MO.  Lithium phenyl-2, 4, 

6 – trimethylbenzoylphosphinate (LAP) of >95% purity was ordered from Sigma Aldrich, St. 
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Louis, MO. Ultrapure water that was deionized and ultra-filtered was acquired from Fisher 

Chemical, Waltham , MA. Sodium Chloride small, granular crystals of >99%  purity were 

purchased from Sigma Aldrich, St. Louis, MO.  The borosilicate glass plates of 100mmx60mm 

were obtained from Kennedy Glass in Lawrence, KS.  The PLA printed frames with inner 

dimensions of 20mmx40mmand 1.25mm height were printed on the Monoprice MP voxel #D 

printer purchased from Monoprice, Rancho Cucamonga, CA.  Phosphate Buffered Saline at pH 

7.4 was obtained from Gibco, Waltham, MA. The DMEM+ is Dulbecco’s Modified Eagle’s 

Medium with addition of penicillin and streptomycin and was purchased from Gibco, Waltham, 

MS.  The penicillin and streptomycin were both added at 1 v/v% and the fetal bovine serum was 

added at 10 v/v%. These additional media components were also ordered from Gibco. 
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Methods 

Synthesis of Pentanoate Functionalized Hyaluronic Acid 

PHA was synthesized, Figure 5, using 60 kDa sodium Hyaluronate (HA) with a listed range from 

66 to 99 kDa (Lifecore Biomedical, Chaska, MN).  PHA was produced following protocols from42-

45 with modifications as follows: 

 5 ml of Ultrapure (Millipore Sigma) water was added for each 0.1 g of HA and allowed to dissolve 

overnight at 4 ◦C.  The solution was then transferred to a vertical, tri-neck round bottom flask 

(24/40) (Millipore Sigma) and stirred with an appropriately sized, oval magnetic stir bar for 60 

minutes at 4 ◦C.  Stir rate was determined by the position and altitude of the vortex in the reaction 

vessel.  The vortex was optimized to draw down to the stir bar to the point where the stir bar 

stability was almost disrupted and then back off slightly.  This allows for the mixture to aerate the 

solution with continual mixing and optimal exchange of fluids with agitation by the stir bar.  After 

thorough stirring, addition of N,N–Dimethylformamide (DMF) (Millipore Sigma) (3:2 

water:DMF) was performed at a rate of 50 µL every 6 seconds to allow for homogeneous 

distribution of the DMF in the water.  Once addition of DMF was complete, the solution was stirred 

Figure 5.  Chemical synthesis pathway of the addition of Pentenoic acid to Hyaluronic acid. 

(Reproduced and modified from VanKampen 2016)42 
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for 30 minutes at 4 ◦C to ensure homogeneous mixture of the components.  The pH of the solution 

was adjusted to 9.0 +/- 0.1 using 1 N NaOH and monitoring with a Thermo Orion 420A+ pH probe 

prior to addition of the next reaction component.  4-Pentenoic anhydride (PA) was then added 

dropwise, 50 µL/drop, to achieve the desired ratio of PA to the repeating unit of HA.  For a 5:1 

Molar ratio of PA:HA this equated to 0.24 g of PA added for each 0.1 g of HA added.  For the 

entire addition step, pH was maintained between 8.0 and 9.0 to promote deprotonation of the 

reactive hydroxyl group.  Of note, a brown miscible pentanoate in the DMF phase is observed 

during addition. Figure 6 shows the DMF phase with less and more optimal mixing. 

 

 

 

 

 

 

 

 

It was discovered that breaking up the brown miscible portion into the smallest droplets allows for 

increased reaction rates and increased DoS.  With optimized mixing and dissolution of the PA in 

the water:DMF solution the pH was shown to drop from ~9.0 to 8.0 in 15-20s.  This increased 

reaction rate was observed as a determinant of optimal reaction coordinates leading to increased 

DoS.  The majority of the reaction occurred in the first 2 hours after addition of the PA.  The 

a b 

Figure 6.  Miscible phase of Pentanoate (PA) in DMF.  a.) shows the formation of a brown 

miscible phase of PA in DMF under less optimal conditions.  b.) shows the more optimal 

distribution of the PA in DMF with mixing that leads to increased reaction rates.  
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reaction was monitored and pH adjusted for 4-6 hours depending on the rate of pH shift for the 

reaction.  Once the pH shift from 9 to 8 took greater than 30 minutes, the pH was adjusted to 9.5 

one additional time and then left to stir overnight at 4 ◦C.  Afterward, the pH was adjusted to 8.5 

and then the reaction solution was transferred to dialysis tubing with a 6-8 kDa mwco (Spectrum, 

Repligen Rancho Dominguez, CA) and placed in dialysis against 18 L of diH2O stirring at room 

temperature (RT) for 6 hours.  At 6 hours, the dialysis was exchanged to new diH2O.  This process 

was done through 6-8 exchanges over several days.  The PHA was recovered from the dialysis 

tubing, and 25 ml was transferred  to each 50 ml conical tubes and frozen at -80 ◦C.  The frozen 

PHA pellets were then lyophilized at -50 ◦C and ~1.5 Pa vacuum using a Freezone 6 lyophilizer 

(Labconco, Kansas City, MO).  The pellets were processed until all water content was removed.  

The recovered pellets were analyzed by proton NMR to determine the DoS for PA on HA. 

Characterization of PHA by NMR 

The functionalization of PHA was determined as the degree of substitution (DoS) of the hydroxyl 

groups of the HA disaccharide repeating unit with PA groups.  The DoS was determined through 

1H NMR analysis of PHA using an Avance AVIII spectrometer operating at 400 MHz and ~22 ◦C.  

Samples were prepared by adding 10 mg of lyophilized PHA to 600 µL of deuterium oxide (D2O, 

Millipore Sigma) and allowed to fully dissolve.  The DoS was calculated by integrating the area 

under the peak of the double bounded methylene groups from the addition of PA to HA occurring 

at 5.8 ppm compared to the methyl protons of HA at 2.0 ppm.  A reported DoS of 100% denotes 

that on average one -OH group on each HA repeat unit has a PA group substituted.  Figure 7.  

Overlay of 1H NMR traces for all PHA substitutions.  Shown is the chemical structure of PHA 

with MestReNova predictions of the proton ppm representation for this chemical entity.  This 

shows 
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that the methyl groups of HA are expected to show at 2.0 ppm and the methylene proton from 

PHA is expected to show at 5.8 ppm.  The overlay shows the similarity in traces for all PHA lots 

produced. Figure 8 shows the exact protons analyzed for this procedure in the collected 1H NMR 

graphs.  All PHA samples were dissolved in deuterium oxide (D2O) containing 

(Trimethylsilyl)propionic (TSB), which is used to align all traces at 0 ppm.  The integration of the 

area under the peak of the HA methyl protons represents 3 protons.  This is used to calculate the 

a b 

Figure 7. 1H NMR Overlay of PHA reactions and chemical structure of PHA with 1H NMR peak recovery 

positions, in ppm. a.) illustrates the structure of hyaluronic acid with the substituted pentanoate 

group.  b.) shows the overlay of the 1H NMR traces for all of the molar ratios of HA:PA for the 

substitution reaction. 
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DoS of PHA from the area under the peak of the double bonded methlylene protons of the added 

pentanoate group. 

 

 

Synthesis of PHA Hydrogels 

Synthesis of PHA hydrogels, Figure 9, was performed by addition of lyophilized PHA powder to 

Ultrapure (UP) water containing 0.1 mM of the photoinitiator, lithium phenyl-2,4,6– 

trimethylbenzoylphospinate (LAP) (Sigma Aldrich).  A 1 mM LAP stock solution was made and 

stored wrapped in foil, at 4 ◦C, until required for use in the reaction. LAP was made fresh for each 

hydrogel production, used within 48 hours of dissolution and was added to a final concentration 

a 

b 

Figure 8 Chemical structures of HA and PHA and 1H NMR trace of PHA.  a.) Reaction coordinates for the 

PHA reaction.  b.)  1H NMR trace of a typical PHA reaction product. The peak at 2.0 ppm is representative 

of the methyl protons of HA, circled in red in both frames. The peak at 5.8 ppm is representative of the 

double bounded methylene proton of PHA, circled in purple in both frames  
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of 0.1 mM for polymerization reactions. The difunctional crosslinker, Dithiothreitol (DTT)  (Sigma 

Aldrich), was added to the LAP solution at a 1:1 molar ratio of thiol groups to available ene groups 

on the PHA. PHA was added to the LAP/DTT solution to achieve an 8% w/v% solution. Upon 

addition of the PHA, the solution was mixed with a microspatula. To remove generated air bubbles, 

the solution was centrifuged at 7,000 rpm (~2,000xg) using an IEC Clinical Centrifuge (Thermo 

Waltham, MA) for 90 seconds at room temperature. The solution was recovered and examined to 

ensure that no air was entrapped in the solution and that the mixture was homogeneous.  The 

mixing and centrifugation process was repeated until all PHA was dissolved and mixed to 

homogeneity.  The PHA solution was then transferred to a 50x36x1.25 mm PLA plate that was 

adhered to the top of a 105x50x2.3 mm glass plate (borosilicate with no UV protection) with thin 

application of UP water.  The PHA hydrogel solution was transferred using a 1000 µL pipette tip 

to exclude air entrapment during the pour.  The plated solution was then covered with an additional 

105x50x2.3 mm glass plate. Clamps were then positioned across the upper and lower glass at the 

periphery of the PLA form ensuring not to overlap with the PHA solution position during the UV 

crosslinking step.  The poured and plated PHA solution was then transferred to a SpectroLinker 

XL-1000 UV crosslinker oven (Spectronics Corporation Melville, NY) and irradiated at 312 nm, 

3 mW/cm2 for 300 seconds.  The plates were then turned over to expose the opposite side and 

irradiated for an additional 300 seconds.  The crosslinked hydrogels were recovered from the oven 

and allowed to sit at room temperature for 5 minutes.  The top plate was then carefully removed, 

and the edge of the gel was cut from the PLA form using a razor blade.  The PLA plate was 

removed and the hydrogel on the bottom glass was submerged in a solution of 10 mM NaCl in UP 

water. The gels were allowed to incubate overnight at 4 ◦C prior to mechanical and physical 

analysis. 
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Swelling of PHA (q scores) 

8 mm PHA test chips were recovered from either UP water, PBS or DMEM (P/S, FBS) and 

transferred to 1.8 ml plastic cryovials with snap top caps.  The caps had been perforated to allow 

for air transfer.  The tubes were pre weighed and labeled for each sample.  The samples were then 

lightly dabbed on a Kimwipe (Kimberly-Clark, Irving, TX) to remove residual fluids prior to 

acquiring wet mass weights (ms) for the samples.  Tubes were transferred to a Labconco Freezone 

6 (Labconco, Kansas City, MO) and lyophilized at -50 ◦C and ~1.5 Pa vacuum for 24 hours. The 

Figure 9. Synthesis of PHA Hydrogels. Crosslinking of pentenoate modified hyaluronic acid occurs via 

the thiol-ene reaction using the difunctional thiol, DTT, as the crosslinker and lithium 2,4,6 

trimethylbenzoylphosphinate (LAP) as the photoinitiator. (Reproduced and modified from 

VanKampen 2016)42. 
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sample tubes with dried pellets were then recovered and weighed to obtain the dry mass weight 

(md) of the hydrogels.  Equation 1 was used to calculate the swelling mass ratio, q, of the PHA 

samples. 

   𝑞 =
𝑚𝑠

𝑚𝑑
      (Eq .1) 

Mechanical Analysis of PHA: Compressive 

Compressive mechanical analysis was performed on PHA hydrogels using an RSA-III DMA 

system (TA Instruments, New Castle, DE) to determine viscoelastic properties of the hydrogel 

network.  PHA cylindrical hydrogel disc, 8 mm, were placed on the 25 mm platen with modified 

humidity control chamber inline.  The platen was lightly coated with mineral oil and zeroed for 

force prior to initiation of each test.  The diameter (mm) for each sample was taken using a digital 

micrometer (Mitutoyo, Takatsu-ku, Japan).  The sample was centered on the bottom platen and 

the top platen was lowered until 0.5 (g) force was observed on the system.  At this point the distance 

between the lower and upper platen was recorded as the initial height for strain calculations 

(Equation 2) 

                           𝜀 =
(𝐿𝑜−𝐿)

𝐿𝑜
                      (Eq. 2) 

The test was run to completion at a rate of -0.005 mm/s, uniaxially.  The stress-strain curve is used 

to determine the compressive modulus (E) or the secant compressive modulus (secE).  The value 

for E was determined as slope of the stress-strain curve at strain percentage between 2-10% and 

also at 10-20%.  The value of E from 2-10% strain is further used to calculate the crosslink density 

(CDL) of the test samples.  The value of E from 10-20% is reported as the compressive modulus 

(E) of the test samples.  This follows protocols in literature for materials used in bioengineered 

samples for cell adhesion studies41.  The value of the secE was determined as the slope of the 
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stress-strain curve just prior to the sample reaching initial fracture failure.  Although the values for 

E and secE were determined at different points on the stress-strain curve both utilized Equation 3 

to determine the modulus. 

                                                                 𝐸 =  
𝜎

𝜀
                                                                     (Eq. 3) 

Crosslinking Density 

 

Crosslink density for the PHAs of varying DoS was calculated using the affine model, (Equation 

4) 

𝜌𝑥 =  
𝐺

𝑅𝑇 𝑉2
1/3𝑉2𝑟

2/3                                                        (Eq 4) 

The model utilizes, G, the shear modulus of the hydrogel to calculate the crosslinking density.  For 

the work in this thesis, the hydrogels were tested in uniaxial compression.  The compression data 

obtains the compressive modulus, E.  To find the crosslink density for the hydrogels the value for 

E is translated into G using Equation 5. 

      𝐺 = 1/3𝐸                           (Eq. 5) 

For the remainder of the equation the variables are as follows: R is the gas constant per mole, T 

is the temperature in K, V2 is the polymer volume fraction of the hydrogels at testing, and V2r is 

the polymer volume fraction during hydrogel production.  All gels were poured at 8% (w/v) and 

thus V2r is 0.08 for all calculations.  V2 is calculated from the swelling data averages from the 

different DoS of PHAs according to Equation 6. 

      𝑉2 = 1/𝑞                (Eq. 6) 

The value for q in Equation 6 was calculated from Equation 2.   
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Frequency Sweep Analysis of PHA 

Frequency Sweep dynamic mechanical analysis was performed on PHA hydrogels using an RSA-

III DMA system (TA Instruments, New Castle, DE) to determine the viscoelastic properties of the 

hydrogel network.  Cylindrical hydrogels of PHA, 8 mm, were placed on the 25 mm platen, lower, 

with modified humidity control chamber inline.  The platen was lightly coated with mineral oil 

and zeroed for force (g) prior to initiation of each test.  The sample was measured for diameter 

(mm) using a digital micrometer (Mitutoyo, Takatsu-ku, Japan).  The sample was centered on the 

lower platen and then the upper platen was lowered until 0.5 force (gm) was observed on the 

system.  At this point, the distance between the lower and upper platen was recorded as the initial 

height for calculating strain (Equation 7) and stress (Equation 8).  

    𝜀 =  𝜃𝐾𝜀                                                      (Eq. 7) 

               𝜎 = 𝐹𝐾𝜎                                                        (Eq. 8) 

To calculate strain the component θ is the displacement, and the Kε is equal to 1/L, where L is 

length (m). To calculate stress the component F is force (g) and Kσ  is calculated by Equation 9. 

             𝐾𝜎 =  
𝐺𝑐

𝐴
        (Eq. 9) 

To calculate Kσ the components Gc is equal to the gravitational constant 980.7 (cgs) and the 

component A is area (m2).  The test was then performed under strain control at 1% strain.  The 

hydrogel sample was modulated at frequency from 628 rad/s down to 0.01 rad/s collecting 25 

points/decade.  This data was transformed using the TA Orchestrator software to calculate E’ 

(storage modulus) Equation (10), E” (loss modulus) Equation (11), and the tanδ Equation (12).  

                                               𝐸′ = 𝑐𝑜𝑠𝛿(
𝜎

𝜀
)                                              (Eq. 10) 
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𝐸" = 𝑠𝑖𝑛𝛿((
𝜎

𝜀
)                                               (Eq. 11) 

                                                                            𝑡𝑎𝑛𝛿 =
𝐸"

𝐸′                                                  (Eq. 12) 

For E’ and E” calculations the component δ is the phase angle, shift between the strain and stress 

vectors. 

Low Field NMR analysis of PHA 

PHA polymerized hydrogels were poured according to the procedures discussed previously in this 

paper.   5 mm samples were collected directly after UV crosslinking and placed in sample 

containers for the Bruker system or placed in UP water to swell for 24 hours prior to transfer to 

sample containers to be processed for Low Frequency (LF) NMR analysis.  The PHA hydrogel 

samples were tested at 20 °C using a Bruker (Billerica,MA) Minispec mq-20 operated at 0.47 T 

and 20 MHz. Transverse relaxation time (T2) data was obtained via the Carr-Purcell-Gill (CPMG) 

pulse sequence.  A total of 30,000 echoes were collected with a 90°-180° pulse separations (τ) of 

0.2 ms and a recycle delay of 10 s, using 4 scans.  

Enzymatic Degradation of PHA 

Hydrogels from PHA of different DoS values were analyzed for enzymatic degradation by 

Hyaluronidase (HYAL) using a modified protocol from 46.  HYAL attacks and breaks the 

glycosidic bond in the backbone of HA, Figure 10.  Hydrogel discs, 6 mm, were swollen in UP 

H2O for 48 hours.  Initial mass was obtained and then samples were transferred to 24-well 

microplates (Fisher Scientific) with ~500 Units/mL of HYAL (Sigma Aldrich) dissolved in UP 
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H2O. This HYAL contains HYAL1 and HYAL2, 2 of the 6 forms of HYAL, but the 2 most 

commonly found HYALs. Standard addition as described in literature is 50 Units/mL.   

Preliminary testing showed limited degradation with this amount of HYAL after 3 weeks. To 

ensure that decay was observed within 14 days the amount of HYAL was elevated 10x. The plate 

was then transferred to a New Brunswick S41i incubator (Fisher Scientific) set at 37 ◦C with a 

shaker platform cycling at 100 RPM.  The samples were removed from the incubator after 24 hours 

incubation in HYAL and lightly dried to record the mass of the degrading hydrogels.  Once the 

mass was recorded the samples were replaced in the 24-well plate with a fresh addition of ~500 

Unit/mL of HYAL in UP H2O.  This process was repeated every 24 hours on the same samples for 

14 days.  For each DoS represented, 6 samples were measured until degradation of materials 

prohibited continued measurements to be recorded (limit of detection set at 30% remaining 

weight). Controls were run as 4 samples of each DoS represented and were incubated in UP H2O 

with no HYAL present, to assess effects of hydrolytic degradation.  

 

Figure 10. Structure of PHA.  The 

circles represent the glycosidic 

bond positions that are attacked 

by HYAL.  The triangle represents 

ester bond that is attacked 

during hydrolytic degradation. 
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PHA Mixture 

PHA hydrogels were created as a mixture of two PHA lots to increase the ability to fine tune the 

PHA network by making any desired DoS inside the upper and lower bounds of the existing PHA 

DoS  values. A low PHA (lPHA) DoS and a high PHA (hPHA) DoS were mixed to create an 

intermediate PHA.  The mixture was calculated as the total number of substitution sites in the 

desired mixture derived from the weighted averages of the lPHA DoS and the hPHA DoS.  The 

number of monomers is determined for any PHA using Equation 13. 

                                      𝑀𝑜𝑛𝑜𝑚𝑒𝑟𝑠 (𝑀1) = 𝐷𝑎(
1.66∗10−24𝑔

𝐷𝑎
)(

𝑚𝑜𝑙 𝐻𝐴

379.32 𝑔
)(

6.022∗1023 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

𝑚𝑜𝑙 𝐻𝐴
)            (Eq. 13) 

The monomer value (M1) for PHA was then used to calculate the number of monomers required 

to create the desired DoS of the mixture, Equation 14. 

                                                             𝑀1 𝑥 𝑑𝑒𝑠𝑖𝑟𝑒𝑑 𝐷𝑜𝑆 = 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝐷𝑜𝑆 (𝑅𝑀)                         (Eq.  14) 

The RM is then used to calculate the amount of lPHA and hPHA required to make the mixture at 

the desired DoS, Equation 15.   

                                   𝑅𝑀 = (𝑀1 𝑥 ℎ𝑃𝐻𝐴 𝐷𝑜𝑆)(𝑤𝑡%ℎ𝑖𝑔ℎ) + (𝑀1 𝑥 𝑙𝑃𝐻𝐴 𝐷𝑜𝑆)(𝑤𝑡%𝑙𝑜𝑤)         (Eq. 15) 

For this study a mixture of 47% was produced using a 34% PHA and a 70% PHA.  The PHA 

hydrogels from the 47% mixture were analyzed for Swelling ratio (q) and DMA Compression.  

The 47% mixture was chosen to have a direct comparison to the 46% PHA that was produced from 

the 1:3 (HA:PA) molar ratio chemistry detailed previously in this study.  
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Statistical Analysis 

 GraphPad Prism 9 was used to perform 1-way and 2-way ANOVA statistical analysis for all data 

represented in this study. Bonferroni’s post hoc test was performed following all ANOVA tests.  

For analysis of the swelling ratio (q score), the effects of DoS on the swelling of the PHA gels, a 

1-way ANOVA was performed. The 2-way ANOVA was performed to analyze the effects of the 

DoS and media on swelling.  In determining the effects of the DoS and media on the compressive 

modulus 2-way ANOVA was performed.  The analysis of the tanδ using the 2-way ANOVA 

examined the effects of the DoS and the media on the viscoelasticity of the PHA hydrogels. For 

analysis of the LF NMR results, the 1-way ANOVA was used to analyzed the effect of DoS on the 

T2 relaxation times.  When analyzing the enzymatic degradation of PHA hydrogels with 

hyaluronidase, a 2-way ANOVA was performed to see the effects of DoS and time on degradation.  

A 2-way ANOVA was performed to analyze the effects of the DoS and media on compressive 

modulus for the PHA gels made as mixture versus through the chemical reaction.  For this same 

data, a 2-way ANOVA was also performed to analyze the effects of DoS and media on the swell 

ratio. 
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Results and Discussion 

PHA chemistry and NMR 

Molar rations were modulated in the esterification reaction to fabricate PHA with tunable DoS of 

reactive ene groups. Figure 11 shows the chemical structure of PHA and the predicted peak 

positions for the protons of PHA alongside a typical spectrum recovered from NMR analysis using 

MestReNova software.   The area under the curve for the 2.0 ppm shift representing the methyl 

protons of HA was integrated and standardized for 3 protons.  The area under the curve at 5.9 ppm 

was integrated and calculated using the standardized value of the area under the curve at 2.0 to 

determine the DoS of PA onto HA.  A DoS of 100% denotes that one PA moiety was substituted 

for every HA monomer.  As each HA monomer has 4 hydroxyls available for potential substitution 

a 400% DoS is the maximum possible, although highly improbable.  Table 1 shows the results for 

DoS for the lots of HA that  

Figure 11. Pentenoate functionalized Hyaluronic Acid (PHA) chemical structure and 
1
H NMR  graph of typical 

PHA sample. The left panel depicts the predicted peak alignment for all PHA protons.  The right panel is the 

graph of 
1
H NMR for PHA. The 5.82 ppm peak, purple box, methylene proton and the 2.10 ppm peak, red 

box, methyl protons are the peak areas that will be used to calculate DoS for PHA. 
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were modified with PA at the variable ratios. Three reactions were performed at a molar ratio of 

1:1 resulting in 22, 23 and 22% DoS.  Two reactions were performed at 1:3 and 1:4 ratios resulting 

in 46% and 47% and 65% and 70%, respectively.  A single reaction was performed at 1:2 and 1:5 

ratios and resulted in 34% and 90%, respectively. 

 

Molar Ratio HA:PA Degree of Substitution 

1:1 23%, 22%, 22% 

1:2 34% 

1:3 46%, 47% 

1:4 65%, 70% 

1:5 90% 

All reaction products were tested by NMR.  Figure 12 shows the NMR overlay graph of these 

products.  The traces show that the peaks recovered for each reaction were similar.  Figure 13 

shows the expanded view of the overlays of the 5.9 ppm peak.  This data exhibits that as the relative 

moles of PA was increased, the area under the peak increased. The data supports that increasing 

the molar ratio of PA to HA produced an increase in DoS, as seen by the increased area under the 

curve for the 5.9 ppm peak. The data also illustrates the reaction as performed was robust and 

reproducible. 

Table 1. Substitution rates of Pentenoate functionalized Hyaluronic acid (PHA). 
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Figure 12.  Overlay Traces for 1H NMR of all PHA lots.   

22% 
34% 
47% 
70% 
90% 

Figure 13.  Expanded view of the 1H NMR traces for each DoS of PHA. 
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Swelling mass ratio (q)  

PHA samples were swollen in UP water, PBS or DMEM+ and then dehydrated to assess the 

swelling capacity for each sample in the different solutions.  Figure 14 shows the average swelling 

mass ratio (q) values for the PHAs at varying DoS.  In UP water, the hypothesized decrease in 

swelling with increased crosslink density via the increase in DOS was observed. Significant 

differences were seen between the hydrogels fabricated at 22% DOS compared to 34 and 90% 

DOS.  The PHA at 46%, 68% and 90% in UP water do not show significant differences in their 

swelling mass ratios.  Further, PHA samples in UP water are significantly more swollen at lower 

DoS than any of the PHA samples in PBS or DMEM. The PHA samples swollen in PBS and 

DMEM+ did not show any significant differences in swelling at any of the DoS values.    

Figure 14.  Swelling mass ratio (q) for PHAs of varying DoS  in UP water, PBS, and DMEM+.   
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The data indicates that PHA samples swollen in water are linked to DoS; the lower the DoS the 

higher the q score, and the more the gel swells.  Whereas the PHA samples in PBS and DMEM+ 

do not follow the same trend.  These samples have limited swelling capability in the buffers that 

have ionic contributions from salt, proteins, and amino acids.  The data supports that ionic strength 

of the buffers generates an osmotic pressure that induces water flow out of the hydrogel with the 

concentration gradient which leads to osmotic deswelling of the samples47, 48. This effect 

outweighs the contributions to swelling seen with increasing DoS. Considering that future work 

will be performed for cell culture in DMEM+ media, the lack of variation in swelling may lead to 

limited tunability of the viscoelastic properties of the hydrogel network.  Swelling is critical for 

diffusion of small molecules.  In order for cells implanted in the gels to access nutrients and filter 

out waste and byproducts from the gel environment diffusion must be effective.  Control of the 

swelling ratio can also lead to control of degradation important for ensuring gels remain intact long 

enough to support cell adhesion and mechanotransduction.  Obtaining more data on PHA gels 

across broader ranges of swelling, DoS, and buffer conditions is important when considering 

supporting future mechanotransduction and stress-relaxation studies using PHA gels. 
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PHA Compression Analysis and Crosslink Density  

PHA Hydrogels with increasing DoS were analyzed by compression to assess the elastic moduli.  

The ratios are the same as was described in the previous sections.  Figure 15 shows a typical graph 

recovered from a compression test of PHA run on the RSA III DMA system and illustrates the 

different regions that were utilized to calculate the various moduli.   

 

 

 

 

 

 

 

 

 

 

 

 

Each will be addressed individually, however, it should be noted that the region denoted in orange 

represents the “fully elastic” compressive modulus E, the region denoted in green represents the 

Figure 15.  Stress versus Strain(%) curve from DMA in Compression for PHA.  Shown 

is a typical graph recovered from the compressive analysis of a PHA test article. . The 

blue line is the graph of the strain (%) versus stress of the PHA during compression. 

The red circle outlines the yield point.  The orange outline denotes the compressive 

modulus in the fully elastic region that was utilized to calculate crosslink density of 

the PHA gels..  The green outline denotes the area between 10-20% strain where the 

compressive modulus, E, is determined.  The black circle denotes the position just 

before failure where the stress-strain is analyzed to determine the secant 

compressive modulus, secE. 



29 

 

10-20% compressive modulus E, and the region denoted in black represents the secant 

compressive modulus (secE).  

Figure 16 shows the overlay of the stress-strain curves for PHA across all DoS. The data shows 

that as DoS increases the E increases.  

 

 

 

 

 

 

 

 

 

The region identified in the orange circle in Figure 15 is the 2-10% or “fully elastic” strain region.  

The compressive modulus, E, was calculated in this region and used to calculate the crosslink 

density of the PHA gels as previously described.  Figure 17 shows the crosslink densities for PHA 

gels of varied DoS in UP water. The data shows that the crosslink density increases as the DoS 

increases. 

Figure 16. Stress-Strain plot of representative PHA for all DoS.   
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The secant modulus analysis is not the same as the compressive modulus, sometimes labeled as 

the Young’s modulus.  The compressive modulus is taken early in the stress/strain curve when the 

hydrogel is asserted to be best fit to the neo-Hookean model for crosslinked polymers.  This data 

does not address the neo-Hookean model, but rather is looking at the maximum compressive 

modulus prior to fracture.   

Figure 17. Crosslink Density of PHAs of varied DoS in UP H20. 
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The region identified in the green square in Figure 15 is the compressive modulus, E, evaluated in 

the 10-20% strain portion of the curve as is typically calculated in stress-strain analyses and 

performed in similar hydrogel systems41.  Figure 18 shows the data for E in this region with 

different buffers represented in blue, green and red and different lots produced at the same DoS 

represented by varied icon shapes.  The PHA gels do not exhibit behavior that models directly to 

the classic neo-Hookean model, therefore, this region is utilized to investigate hydrogels that are 

being used in cellular interaction studies.  The values represent material properties experienced by 

cells as the data (and hydrogel) remains in the elastic portion of the gels. This evaluation also 

minimizes the noise seen in the initiation of the compression test.  The data from Figure 18 

illustrates that E increases as DoS increases.  The changes of E for PHAs swollen in water are 

greater than those observed in PBS and DMEM+, which is also likely a result of osmotic 

.  Modulus at 10-20% strain for PHA of varied DoS in UP H20, PBS and DMEM+.  The data 

represented in blue is for PHA in water, red is in PBS and green is DMEM+. 

 

Figure 18. Compressive Modulus at 10-20% strain for PHA of varied DoS in UP H20, PBS 

and DMEM+.  The data represented in blue is for PHA in water, red is in PBS and green is 

DMEM+. In all groups the varied icons represent gels tested from different lots produced 

at the same DoS 



32 

 

deswelling in the ionic buffers. This shows that in the elastic region of the gels the compressive 

modulus is directly affected by the number of crosslinks. It should also be noted that a certain 

degree of variability is expected between different lots of the same DoS.  However, the data shown 

in Figure 18 emphasizes the low level of variability for samples within the same lot, indicting that 

this data has a high level of reproducibility. 

The region circled in black in Figure 15 is the area directly prior to the yield point of the gels.  

The slope of the stress-strain gives the secant compressive modulus (secE).  For analysis of the 

secE, only the data directly prior to fracture is utilized.  The secant compressive modulus is taken 

as the slope of the stress/strain curve in the elastic region for a particular strain range.  For this 

study, secE was determined by finding the point of fracture and then using the slope that spans a 

5-10% range several percentage points prior to fracture.  The gel is not fully elastic in this region 

and has begun to undergo plastic deformation indicating that another, earlier, modulus will likely 

be more descriptive of the elastic properties of the hydrogel.  This area was investigated to 

determine how drastically the gels changes under extreme strain and how behavior is affected by 

increased crosslinking. Figure 19 shows the secant compressive moduli of the PHA samples of 

varying DoS and in the buffers assessed in this study.  It is apparent from this data that secE for 

the PHAs in water increases as the DoS increases.  This is a greater change at the lowest DoS 

and becomes more gradual as the DoS increases.  Above 46% DoS the change is minimal.  This 

may be due to the reduction in efficiency of thiol-ene crosslinking and the increase in ene-ene 

linkages.  The secE of the samples in PBS and DMEM exhibit a much different trend, they are 

elevated at lower DoS compared to those reported in water and remain similar across all groups.  

This effect is due to osmotic deswelling of the hydrogels in the buffers containing ionic 

components.  The data from Figure 16 shows that the secE within a batch was precise and 
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reproducible, and that the main source of variance is attributable to the difficulties presented in 

producing robust hydrogels from batch to batch.  

 

A significant increase in compressive secant modulus was observed for hydrogels tested in UP 

H2O for DoS at 22%, 34% and 46%.  After reaching 46% DoS, modulus values plateau and there 

is no statistical significance between 46% and 68% or 90%.  This plateau is also shown in the 

calculated crosslink density values for the different DoS samples. The data supports that increased 

DoS leads to increased crosslinking during polymerization of the hydrogel and increases the 

strength and rigidity of the gels, but only to a certain degree.  At this point it is clear that the 

chemistry has reached its maximum efficiency within these experimental parameters. 

Figure 19. Compressive Secant Modulus for PHA of varied DoS in UP H20, 

PBS and DMEM+.  The data represented in blue is for PHA in water, red is in 

PBS and green is DMEM+. In all groups the varied icons represent gels tested 

from different lots produced at the same DoS. 
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A DoS of 22% is equivalent to having a pentanoate moiety substituted to one -OH site per every 

fourth HA monomer. A DoS of 46% is equivalent to having a pentanoate group substituted on one 

-OH site every other monomer. A DoS of 90% is equivalent to having a pentanoate group 

substituted on one -OH site every monomer. Thus a 90% DoS gel has four times the available 

crosslinking sites compared to a 22% gel, and between the 22% and 90% the compressive secant 

modulus increases from ~500 kPa up to ~1800 kPa.  Interestingly the 90% DoS gel has twice as 

many crosslinking sites as the 46% gel but compressive secant modulus only increases from ~1500 

kPa to 1800 kPa. The lack of comparatively similar increases at different DoS may be explained 

by the ability of the gel to crosslink efficiently as the DoS increases.  This explanation is supported 

by the calculated crosslink density values provided in Figure 17. During the crosslinking reaction 

the formation of crosslinks can lead to steric hindrances in the system and make it increasingly 

more difficult for the still available sites to be able to link to one another.  While the system is not 

fully optimized the limitations are routinely observed and attributable to common occurrences in 

polymer chemistry.  

Data also shows distinct differences in the compressive secant modulus values between PHA in 

UP H2O and the other buffers, PBS and DMEM+.  Compressive secant values are significantly 

different at the lower DoS rates and the degree of difference between values diminishes as the DoS 

increases.  When comparing the values of the compressive secant modulus for PHA of any DoS in 

either PBS or DMEM+ there are no significant differences between the non-H2O groups.  This 

data may indicate that ionic interactions of the buffers outweigh the impact of the crosslinking 

from the pentanoate sites that were substituted on to the HA.  This is a key difference relevant to 

using these hydrogels in a biological system where the ionic distribution of the fluids would mimic 

that seen in either PBS or DMEM+.  Importantly, in the highly ionic solutions the compressive 
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secant modulus is maximal at all DoS values indicating an increased strength and rigidity would 

be observed for even the lowest substitution rates.  The downside to this observation is that the 

tunability of the system appears to be minimized.  Overall, increasing DoS in this PHA system 

increases crosslink density and increases E in all buffer systems.   

PHA Frequency Sweep Analysis 

PHA hydrogels composing different DoS were analyzed by DMA frequency sweep under strain-

controlled conditions to assess storage modulus, loss modulus and tanδ.  DoS levels of analyzed 

samples were the same set that as analyzed throughout all data sets in this study.  Figure 20 shows 

a representative plot of storage modulus (E’), loss modulus (E’’), and tanδ during the frequency 

sweep test of PHA run. All runs were performed on the RSA III DMA system and measurements 

performed in H2O, DMEM, and PBS buffers.   

 

 

 

 

 

Figure 20. Frequency sweep analysis of PHA.  

Shown is a typical graph recovered from the 

frequency sweep analysis of a PHA test article. The 

blue data represents the storage modulus (E’) data at 

subsequent points across the frequency range tested.  

The green data represents the loss modulus (E”) data 

for the same frequency range.  The red data 

represents tanδ (E”/E’).  The frequency sweeps were 

run from 628 rad/s down to 0.01 rad/s.  This data 

was consolidated to show the E’ and E” at 1 Hz (6.28 

rad/s) only. 
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Figure 21 shows Tanδ versus DoS for PHAs in the different buffer conditions. The data exhibits 

how the loss modulus increases as DoS increases.  This is beneficial for future studies to control 

the viscosity of this PHA system.  Figure 22 shows the frequency sweep results for the PHA DoSs 

in UP H2O. The graph reports the storage modulus (elastic component) on the x-axis and the loss 

modulus (viscous component) on the y-axis. 

Figure 22. Frequency sweep data from DMA of PHA in UP H2O at 1Hz.  Comparison of the E’ and E” 

as a position of DoS.  

Figure 21. Tanδ versus DoS for PHAs in various buffer 

conditions.   
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Results shown in Figures 22, 23, and 24 are data collected at 1Hz, utilized as it is a safe 

approximation of input seen by the meniscus under normal walking conditions14. The data in these 

figures is represented similar to data from Chaudruri et al where the values for storage and loss 

modulus of biological tissues, such as meniscus, are shown in this format14.  The data supports that 

hydrogels fabricated from PHA exhibit a shift in viscoelasticity that can be correlated to different 

processing parameters. The increase in crosslinking is correlated to an increase in elasticity.   The 

22% gels in UP H2O have a E’ of around 8 times the E”, 200,000 Pa versus 25,000 Pa.  The 34% 

and 68% gels are similar in having E’ at 250,000 Pa and E” at 60,000 Pa.  The 46% and 90% have 

highly variable values but overall data sets show increased E’ and E” values respectively.  The 

90% gel ranges from 100,000 Pa E’ and E” all the way up to 700,000 Pa E’ and 150,000 E”.  This 

difference in E’ and E’’ data could be a combination of increased entanglement that allows for 

more viscosity and increased crosslinking to give a more solid elasticity portion of the gels.  

Cartilage viscoelasticity normally exhibits loss moduli that are 10% of its storage moduli, in soft 

tissues this relationship can be as much as 20%14.  The PHA gels in this study show to be similarly 

aligned when comparing E” to E’ across the DoSs tested.  As a viable model system, the values 

for the storage and loss moduli are within the range for soft tissue as DoS is increased.  As DoS is 

increased the gels exhibit greater loss, at the tested frequency.  This would indicate the gel can 

dissipate more energy as the crosslinking (and DoS) of the gel increases.   
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Figure 23 shows the frequency sweep results for the PHA DoS in PBS and Figure 24 shows the 

same data for the PHA in DMEM+.  The data is reported in the same manner as Figure 22.  The 

storage modulus (elasticity) on the x-axis and the loss modulus (viscosity) on the y-axis.   

The frequency sweep data in PBS demonstrates similar performances of the PHA gels across the 

tested DoS with the exception that the initial E’ trend higher across the spectrum, whereas the E’ 

data is contained across a range of lesser values overall.  The 22% DoS gels still group at the lower 

end of E’ and E”, 150,000 Pa and 20,000 Pa respectively.  The 34% DoS gels are slightly elevated 

compared to the 22% gels and show at 200,000 Pa for E’ and 30,000 Pa for E”. 

Figure 23. Frequency sweep data from DMA of PHA in PBS.  Comparison of the E’ and E” as a position 

of DoS. 
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The 68% gels are again spread out across the graph and range from very low E’ and E’ up to 

300,000 Pa for E’ and 60,000 Pa for E”.  The 46% and 90% gels show tight grouping and are at 

the top end of the graph.  The 46% gel has E’ values around 300,000 Pa and E” values at 60,000 

Pa.  The 90% gels show E’ at 450,000 Pa and E” between 60,000 and 80,000 Pa. Overall, the 

frequency sweep experiments provide key information on material performance and indicate that 

further investigation of PHA properties in ionic buffers will be necessary in the future. 

 

 

 

 

Figure 24. Frequency sweep data from DMA of PHA in DMEM+.  Comparison of the E’ and E” as a 

position of DoS. 
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Low Field NMR 

Carr-Purcell-Meiboom-Gill experiments using Low Field NMR49 were performed on 5 mm PHA 

samples with the same varying DoS used in prior experiments.  The samples were analyzed for the 

transverse relaxation time (T2) of the water protons inside the network.  Figure 25 shows the data 

recovered from these experiments.   

Figure 26 shows the comparison of the same data analyzed in Figure 25.  In Figure 26 the data has 

been standardized, in the panel labeled a) as the inverse relaxation time.  This adjustment portrays 

the data on the same scale and shows that the relaxation shift is the same for both the crosslinked 

and swollen gels.  As the DoS increases the inverse relaxation time goes up.  The panel labeled b) 

shows the change in T2 at each DoS as a percentage change.  This illustrates that at the lowest DoS 

there is a near doubling of the relaxation time and as the DoS increases this difference is 

minimized.  The effect is that as the DoS increases the gels swell less and effectively the mesh  

 

Figure 25.  Low Field NMR 1/T
2 
times for PHA hydrogels of varying DoS.  The samples prior to swelling 

are shown in red and the samples after swelling are shown in blue.  PHA samples swollen in UP water. 
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size stays more constant.  This conclusion aligns very well with the results from the Swelling Ratio 

results discussed earlier. The higher the DoS the lower the T2. This also fits well to the hypothesis 

that increased DoS leads to increased crosslinked density in the gels.  Significant differences were 

observed between all samples other than the 46% and 70% gels after swelling.  The swollen 46% 

and the swollen 70% gels did not exhibit significant differences in relaxation time.  The crosslinked 

gels reported relaxation times that were approximately half of the times reported for the swollen 

gels.  Considering that accurate diameters of HA for the tested samples were not evaluated, it is 

not possible to generate accurate mesh sizes for the PHA gels. Thus, the data can only be assessed 

to show that the increase of the DoS leads to greater interactions of the water with the polymer, 

either as a chemical affinity or a physical constraint.  The trend portrays that the increased DoS is 

leading to increased crosslinking density in the gels.  The effect is more readily apparent at lower 

DoS and has less of an effect as DoS increases, although still significant.  The LF NMR data agrees 

with the other data collected and previously discussed on these PHA gel samples.   

 

b a 

Figure 26.  LF NMR data of 1/T
2
 and ∆T

2
 graphs of PHA DoS samples in UP water.  Panel a) is the 

inverse T
2 

comparison of swollen and unswollen  PHA gels.  Panel b) is the change in T
2
 of PHA gels 

between pre and post swell states.  
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PHA Degradation Analysis with Hyaluronidase 

The enzymatic degradation rate of PHA hydrogels was assessed to investigate the impact of 

increased crosslinking density on the ability for the hyaluronidase to diffuse into the bulk and react 

with the glycosidic bond in the HA repeat unit. Degradation rate was determined via mass loss 

assessment in an accelerated test in which the hyaluronidase was used, 500 U/mL (10 times levels 

used in literature and incubated at 37°C)46.  Figure 27 shows the rates of enzymatic degradation 

for all PHA DoS.  The lower rate DoS PHAs, 22% and 34%, degraded rapidly.  The 5 mm samples 

were degraded past the limits of detection, LOD, within 4 days.  The LOD is the point at which 

the test article could not be effectively measured because the remaining degraded samples were 

too small to recover. For the remaining PHA samples: 47% PHA degraded to the LOD after 6 

days, 70% PHA after 11 days and at the end of the 14 days test period the 90% PHA had not fully 

degraded. During testing, it was observed that the higher the crosslinking the less the PHAs swelled 

and the less color that was taken in throughout the samples incubated with 

Figure 27. Enzymatic Degradation of PHA with Hyaluronidase.  The line labeled LOD is the limit of 

detection.  The blue line is 22% DoS, red is 34% DoS, green is 47% DoS, purple is 70% DoS and orange 

is 90% DoS.   
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enzyme, which added a pale, yellow tint to the solution. Figure 28 shows the rate of degradation 

for the control series for the accelerated degradation assay.   These samples were identical to the 

experimental run shown in Figure 27, but there was no Hyaluronidase added to the system for 

these samples.   

The results show that there was hydrolytic degradation at the ester of the crosslink; however, at a 

slower rate than the accelerated enzymatic degradation. The hydrolysis rates followed similar 

trends, increasing the DoS resulted in a decrease in degradation rate. The 22% and 34% showed 

significant degradation without the enzyme present, losing 30% and 60% of their mass, 

respectively.  The 47% and the 70% PHAs lost ~10% of their mass and the 90% PHA showed 

almost   

 

Figure 28. Degradation of PHA with no Hyaluronidase, Control assay.  The line labeled LOD is the limit 

of detection.  The blue line is 22% DoS, red is 34% DoS, green is 47% DoS, purple is 70% DoS and orange 

is 90% DoS.   
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no degradation. The samples also exhibited more edge degradation with the higher DoS samples 

and appeared to have an intact central core for a longer period.  These results showed that with 

less crosslinking for the PHAs at the lower DoS the test articles were exposed to more bulk 

degradation.  The higher the DoS the less accessible the hydrogels were to being permeated with 

Hyaluronidase or even swelling and taking on more water and thus limiting degradation to surface 

only.   

The results of this assay show that even though the glycosidic bonds are being broken on the HA 

backbone in the PHA the pentanoate crosslinked chains are holding together.  This further supports 

previous conclusions of increased DoS resulting in increased crosslinking as an increased number 

of crosslinks will limit accessibility to internal HA glycosidic bonds and result in longer 

degradation time.  

 PHA DoS Mixture 

In order to determine whether the effects from DoS could be further tuned, PHA of differing DoS 

were combined to match the DoS of a single PHA product. In this study, PHA with a DoS of 46% 

was compared to a PHA mixture made using 34% and 70% DoS to make a 47% DoS sample. 

Figure 29 shows the comparative data for the of a 46% DoS and the 47% DoS from the created 

PHA mixture.  Figure 30 shows the comparative data for the compressive secant modulus from 

DMA on the same samples. 
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Figure 29. Swelling Scores comparing a 46% DoS chemistry versus a 47% DoS from PHA 

mixture in UP water, PBS and DMEM+.   

Figure 30. Compressive secant modulus of a 46% DoS chemistry versus a 47% DoS from 

PHA mixture in UP water, PBS and DMEM+.   
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No statistically significant differences were observed between the 46% gel and the 47% gel from 

the mixture of PHAs when compared inside the same buffer.  Swelling data shows that producing 

PHA hydrogels from a mixture of PHAs also gives the same results.  The swelling ratios in UP 

water, PBS and DMEM+ are statistically non-significant. It is not possible to tell the difference 

between the performance of hydrogels made from either method.  The results are comparative to 

those reported in the swelling section of this paper.  The PBS and DMEM+ show to have lower 

swelling ratios than the same samples in UP water.  There are also no statistical differences 

observed between 46% gels and 47% gels from mixture of PHAs from compression testing. The 

compressive secant modulus values for all samples were almost identical.  This holds for samples 

in UP water, PBS and DMEM+.  The data shows that gels from mixture are the same gels from a 

direct chemical reaction. The ability to mix a PHA to any given DoS is extremely valuable.  This 

offers the ability to create the exact DoS desired.  PHA synthesis reactions take considerable time 

to produce.  Mixtures can be made instantly from existing PHA materials. 

Limitations and Future Considerations 

Although the work presented in this study is robust and informative, there are some positions that 

should be addressed for their limitations and considerations for future work that would be 

beneficial to add to the value of the stated research position. 

First, the work presented is looking to address needs for functionalized HA based hydrogels to be 

used as “mimics” of native ECM to investigate cell adhesion and differentiation in tissue 

engineering for meniscal regeneration.  This study covered a single HA molecular weight, gels 

were formed at a single weight percentage, and a single wavelength and length of time for 

photoinitiation.  It is understood that all these factors can affect studies that are designed to 

integrate live cells into hydrogels.  Also, understood is that the molecular weight of HA can have 



47 

 

distinctly different effects for cellular response: pro- or anti- inflammatory, varied differentiation 

pathways, and different binding efficiencies for receptors like CD44. By further investigating these 

parameters and their effects on the physical and mechanical properties of the gel network, the 

system could be further optimized for use as an in vitro cell adhesion model. 

Second, the ratio of thiol:ene used during this study was 1:1.  This was effective for ensuring that 

hydrogels were rigid and robust for mechanical studies.  The data suggest that this may also have 

led to complications with ene-ene reactions or intramolecular bonding of thiol-ene groups instead 

of intermolecular.  Previous work has shown that for functionalized HA hydrogels a ratio of 0.6:1 

may be more optimal45.  Running future experiments closer to the optimal ratio may offer a wider 

control of the range of physical and mechanical properties for the gels.   

Third, studies of the viscoelastic properties of the gels were performed using a RSA-III DMA 

instrument.  The study was run in compression and with a uniaxial load.  The calculation for 

storage and loss modulus were thus calculated as a position of the geometry in compression, not 

taking into account true shear.  This may not be the most effective method to determine the true 

viscoelastic properties of a complex system.  In the future there may be value added in performing 

these analyses using a rheological system.   

Lastly, this study only investigated a single molecular weight of HA for production of hydrogels.  

Having shown that the mechanical properties of PHA mixtures were nearly identical to those of 

pure PHA, it would be interesting to see if mixtures of PHAs produced from different molecular 

weight species of HA could increase the capabilities and ranges for the physical, mechanical and 

cell adhesion properties of the PHA networks. 
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Conclusions 

The ability to manufacture a hydrogel network that is capable of mimicking the physical, chemical 

and viscoelastic properties of the native meniscal ECM could be vital to understanding cellular 

proliferation, migration, differentiation needed for tissue regeneration and reduced onset of 

osteoarthritis.  Having a hydrogel with similar viscoelastic properties to the ECM of native 

meniscal tissue fits well with the desire to model an in vitro system that would exert the same 

stress relaxation values to adhered cells as would be seen in native tissue. The data produced in 

this thesis demonstrates that the chemistry of functionalization of HA with PA is both robust and 

reproducible.  Manipulating molar ratio of HA to PA resulted in fine control of DoS across a wide 

range of values. Trends showed increasing DoS resulted in increased crosslink density, reduced 

swelling, and increased compressive modulus. The effects of osmotic deswelling were apparent in 

PBS and DMEM+ where the compressive moduli were consistently lower than those in water, 

across all DoS.  Frequency sweep studies showed storage and loss moduli at 1 Hz, in the same 

range as reported values for soft tissue and the ECM at the same frequency.  LF-NMR illustrated 

a decrease in T2 relaxation times with an increase in DoS suggesting a decrease in mesh size which 

corroborates the swelling and compressive data. Data collected using mixtures of functionalized 

PHAs to generate a specific DoS hydrogel demonstrated that mixtures maintained the same 

properties as single batch PHA DoS. This illustrates an additional tool to tune the DoS and network 

formation. The PHA gels produced from mixtures of PHAs with different DoS resulted in the same 

swelling and mechanical observations as were seen in a single batch PHA with the same DoS.  

Lastly, the rate of degradation via enzymatic and hydrolytic mechanisms increased with decreasing 

DoS. Overall, the results from all key studies support that manipulating DoS works as a 

controllable tool to modulate crosslinking density and physical hydrogel properties and thus 
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viscoelasticity for use in in vitro studies to understand meniscal fibrochondrocyte 

mechanotransduction mechanisms. 
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