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Abstract 

The main goal of this work was to estimate the performance of two 

gel – like materials, hydrogels and cryogels, in order to let them 

replace the inner part of the intervertebral disc, the nucleus pulposus. 

These materials are suggested to be a resolution for the Disc 

Degenerative Disease, a diffused problem related to the loss in 

mechanical properties of the intervertebral disc. At the early stage this 

pathology appears as a loss in hydration of the nucleus pulposus, that 

is the reason why its renewal with an appropriate gel – like material 

would seem resolutive.  

Gravimetric, rheological and mechanical analysis were conducted on 

two kinds of gels: hydrogels were prepared as covalently gels of 

Hydroxyethylcellulose (HEC) crosslinked with Divinyl Sulphone 

(DVS), in order to replace the human degenerate nucleus pulposus, 

cryogels were made with Hyaluronic Acid (HA) chemically 

crosslinked with Ethylene glycol diglycidyl ether (EGDE), to create a 

scaffold for the implant of stem cells.  

Hydrogels were prepared in three HEC/DVS ratios: 8/1, 4/1 and 2/1, 

and three diameters moulds were used: 5, 12 and 20 mm. 

Hydrogels swelling kinetics was studied in water; rheological tests 

were conducted with the help of a plate – plate rheometer; stress – 

relaxation analysis was performed on hydrogels in air for 600 s. 

Since the inner part of the intervertebral disc is characterised by an 

elevated degree of hydration, gravimetric tests allowed to estimate the 

swelling kinetics of the prepared gels: swelling equilibrium for 

hydrogels is related to the crosslinker amount, the higher the 

crosslinker amount the lower the water uptake. 

In order to mimic the behaviour of human Nucleus Pulposus 

mechanical tests were performed. Frequency sweeps tests were done 
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on HEC/DVS hydrogels: storage and loss moduli were collected for 

all the types of hydrogels. The values of 𝐺′ were three orders of 

magnitude higher than 𝐺′′, defining the hydrogels’ network as an 

elastic one. 𝐺′ and 𝐺′′, obtained as functions of frequency ω, were 

manipulated through the Generalised Maxwell model and a statistical 

procedure to obtain data in terms of time scale, confirming the 

prevalent elastic nature of the system.  

Stress- relaxation analysis was led and results were displayed, 

highlighting the compression and relaxation phases separately. From 

the compression part of the analysis it was possible defining the 

maximum stresses and Young elastic moduli trends with strain 

percentage and initial polymer mass fraction: the higher the DVS 

amount the higher the influence of the strain on the maximum stress. 

The DVS has also an impact on the Young modulus, being E higher at 

lower HEC/DVS ratio. These values of elastic moduli are comparable 

with the data collected through the analysis of human and animal 

nuclei. The relaxation phase of the analysis was displayed in terms of 

stress versus time plots defining a dependence on the HEC/DVS ratio, 

on the strain and on the diameter: the higher the crosslinker quantity 

the earlier the relaxation shows; the higher the strain imposed to the 

specimen the more evident the relaxation; the smaller the gel the 

higher the relaxation. These behaviours resembled the idea of 

hydrogels’ poroelastic nature, based on the migration of water and, in 

the latter case of dimension dependence, of the characteristic time of 

diffusion, directly proportional to the square of the radius. 

Experimental Young moduli values were compared with the values of 

unrelaxed shear modulus obtained from the fitting of rheological 

parameters, showing that 𝐸 = 3𝐺𝑢𝑛, typical of an elastic solid.  

Cryogels obtained, had 10 and 20 mm diameters. 

Gravimetric analysis was conducted on cryogels testing them in water 

and in a sugar solution at 83% concentration of syrup. Syrup solution 

was chosen as a swelling medium in order to mimic the increase in 

viscosity when systems are implanted with cells. Tests of stress – 

relaxation were done on cryogels in air for 600 s.  

Cryogels in water swelled fast, imbibing an amount of water that was 

almost six times the polymer mass fraction instantaneously; cryogels 

were soaked in sugar solution to let the sugar penetrate the porous 

network and reach the equilibrium state.  
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Mechanical results for cryogels were treated as hydrogels. 

Compression step, for both gels swollen in water and syrup solution, 

shows trends with the swelling media, cryogels in syrup have higher 

stress peaks than in water, and with the mass fraction, the higher the 

mass fraction, the higher the stress peaks. Relaxation was described by 

stress – time graphs: cryogels in water shown a poroelastic migration 

of water, stress decreased continuously during the test; cryogels in 

sugar exhibited a previous strong stress diminishing until a certain 

minimum value was reached and remained constant to the end of the 

analysis probably for an interaction between the macroporous 

crosslinked gel structure and the syrup solution, the viscosity of the 

sugar system shows a higher viscosity than water swollen cryogels so 

that the minimum value reached by cryogels in syrup is higher than 

the ones’ in water because of the difficulty in water migration. This 

latter behaviour is the qualitatively closest to the in vivo tests results 

on human Nucleus Pulposus. 

  



Pag. XIV Design and characterisation of gels Emanuela Lisanti 

 

 



 [XV] 

Sommario 

L’obiettivo principale di questo lavoro è stato la valutazione delle 

performance di due materiali, hydrogel e cryogel, per sostituire la 

parte intera del disco intervertebrale, il nucleus pulposus. Questi 

materiali sono proposti come soluzione alla Discopatia Degenerativa, 

un problema legato alla perdita nelle proprietà meccaniche del disco. 

Agli stadi iniziali la patologia si presenta come una perdita 

dell’idratazione del nucleus, motivo per cui il rinnovamento dello 

stesso con un materiale di tipo gel appropriato sembra risolutivo. 

Analisi gravimetriche, reologiche e meccaniche sono state condotte su 

due tipi di gel: gli hydrogel sono stati preparati come gel covalenti di 

Idrossietilcellulosa (HEC) reticolata con Divinil Sulfone (DVS), per 

sostituire il nucleus pulposus umano degenerato; i cryogel sono stati 

preparati con Acido Ialuronico (HA) reticolato chimicamente con 

Etilene glicol diglicidil etere (EGDE), in modo da creare una struttura 

scaffold per l’impianto di cellule staminali. 

Gli hydrogel sono stati preparati in tre diversi rapporti HEC/DVS: 8/1, 

4/1 e 2/1, e sono stati impiegati stampi cilindrici di tre diametri: 5, 12 

e 20 mm. 

La cinetica di swelling degli hydrogels è stata studiata in acqua; test 

reologici sono stati condotti con l’ausilio di un reometro di tipo piatto 

– piatto; analisi di stress – rilassamento sono state condotte su 

campioni in aria con durata di 600 s. 

Essendo la parte centrale del disco intervertebrale caratterizzata da un 

elevato grado di idratazione, test gravimetrici hanno permesso di 

stimare la cinetica di swelling dei campioni preparati: l’equilibrio di 

swelling per gli hydrogel è legato alla quantità di reticolante presente 

in essi, più alta è la quantità di reticolante più bassa è la quantità di 

acqua assorbita. 
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Al fine di simulare il comportamento del nucleus pulposus umano, 

sono stati condotti test meccanici. Gli hydrogel sono stati sottoposti a 

test di frequency sweep: moduli di accumulo e perdita sono stati 

condotti su tutti i tipi di campioni. I valori di 𝐺′ sono tre ordini di 

grandezza maggiori di 𝐺′′, descrivendo il sistema come elastico. 𝐺′ e 

𝐺′′, ottenuti come funzione della frequenza ω, sono stati manipolati 

attraverso il Modello di Maxwell Generalizzato ed una procedura 

statistica per ottenere i dati in termini di scala temporale, confermando 

la natura prevalentemente elastica del sistema. 

Le analisi di stress – rilassamento sono state portate avanti ed i 

risultati mostrati, descrivendo le fasi di compressione e rilassamento 

separatamente. Per quanto riguarda la compressione è stato possibile 

definire gli andamenti di stress massimi e moduli elastici di Young 

con la percentuale di deformazione e la frazione massica iniziale di 

polimero: maggiore è la quantità di DVS maggiore è l’influenza della 

deformazione sullo stress massimo. Il reticolante ha anche un impatto 

sul modulo elastico, essendo E più alto a più bassi rapporti HEC/DVS. 

I valori dei moduli elastici sperimentali si sono dimostrati 

completamente comparabili con i valori di E descritti dalle analisi di 

stress – rilassamento non confinate condotte su nuclei umani ed 

animali. La fase di rilassamento è stata mostrata in termini di grafici di 

stress contro tempo presentando una dipendenza dal rapporto 

HEC/DVS, dalla deformazione e dal diametro: più alta è la quantità di 

reticolante prima appare il rilassamento; più piccolo è il gel più alto è 

il rilassamento. Questi comportamenti rappresentano l’idea della 

natura poroelastica degli hydrogel, basata sulla migrazione dell’acqua 

e, nel caso della dipendenza dalla dimensione, del tempo caratteristico 

di diffusione, direttamente proporzionale al quadrato del raggio. I 

valori del modulo di Young sperimentali sono stati comparati con i 

valori del modulo di unrelaxed shear ottenuti dal fitting dei parametri 

reologici, dimostrando che 𝐸 = 3𝐺𝑢𝑛, tipico di un solido elastico. 

I cryogel sono stati formati con 10 e 20 mm di diametro.  

L’analisi gravimetrica è stata condotta testando i cryogel in acqua e in 

una soluzione di sciroppo all’83 % di concentrazione. La soluzione di 

sciroppo è stata scelta come mezzo di swelling in modo da simulare 

un aumento della viscosità quando questi sistemi sono inseminati con 

cellule staminali. Test di stress – rilassamento sono stati condotti con 

cryogel in aria per 600 s.  
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I cryogel in acqua si rigonfiano velocemente, assimilando una quantità 

di acqua circa sei volte la frazione massica istantaneamente; i cryogel 

sono stati immersi nella soluzione di sciroppo al fine di far penetrare 

lo zucchero nel network poroso e raggiungere lo stato di equilibrio. 

Risultati meccanici per i cryogel sono stati trattati come per gli 

hydrogel. Lo step di compressione, per entrambi i gel in acqua e 

sciroppo presentano trend con i mezzi di swelling, i cryogel in 

sciroppo presentano stress di picco più alti che in acqua, e con la 

frazione massica, più alta è la frazione massica, più alti sono gli stress 

massimi. La fase di rilassamento è stata descritta mediante grafici 

stress – tempo: i cryogel in acqua presentano una migrazione di acqua 

di tipo poroelastico, lo stress diminuisce continuamente durante il test; 

cryogel nella soluzione di zucchero mostrano uno stress che 

diminuisce fino ad un certo valore minimo e rimane costante fino alla 

fine dell’analisi probabilmente a causa di un’interazione tra la 

struttura macroporosa reticolata e la soluzione di sciroppo; la 

soluzione di zucchero presenta una viscosità più elevata rispetto 

all’acqua, per cui il valore di stress minimo raggiunto in sciroppo è 

maggiore a causa della difficoltà di migrazione dell’acqua. 

Quest’ultimo comportamento è qualitativamente più vicino ai risultati 

di test in vivo sul nucleus pulposus umano.  

  



 [119] 

References 

 

1. Hoy D. et al., The global burden of low back pain: estimates from the 

Global Burden of Disease 2010 study. Annals of the Rheumatic Diseases, 

73:968–974 (2014). 

2. Deyo, R. R., & Tsui-Wu, Y. J. (1987). Descriptive epidemiology of low-

back pain and its related medical care in the united states. Spine, 12(3), 

264-268. 

3. Ravindra, V. M., Senglaub, S. S., Rattani, A., Dewan, M. C., Härtl, R., 

Bisson, E., Shrime, M. G. (2018). Degenerative Lumbar Spine Disease: 

Estimating Global Incidence and Worldwide Volume. Global spine journal, 

8(8), 784–794. 

4. Katz, J. N. (2016). Lumbar Disc Disorders and Low-Back Pain: 

Socioeconomic Factors and Consequences. THE JOURNAL OF BONE 

AND JOINT SURGERY, 21-24. 

5. Khan, A. N., Jacobsen, H. E., Khan, J., Filippi, C. G., Levine, M., Lehman, 

R. A., Chahine, N. O. (2017). Inflammatory biomarkers of low back pain 

and disc degeneration: A review. Annals of the New York Academy of 

Sciences, 1410(1), 68-84. 

6. Adam W. M. Mitchell, Wayne Vogl (2004). Gray's Anatomy for Students. 

7. Raj, P. P. (2008). Intervertebral Disc: Anatomy-Physiology-

Pathophysiology-Treatment. Pain Practice, 8(1), 18-44. 

8. Philips, F. M., Laurysenn, C. (2009). The lumbar intervertebral disc.  

9. Buckwalter, J. A. (1995). Aging and Degeneration of the Human 

Intervertebral Disc. Spine, 20(11), 1307-1314.  

10. Kiani, C., Chen, L., Wu, Y. J., Yee, A. J., & Yang, B. B. (2002). Structure 

and function of aggrecan. Cell Research, 12(1), 19-32. 

11. Mixter, W. J., & Barr, J. S. (1934). Rupture of the Intervertebral Disc with 

Involvement of the Spinal Canal. New England Journal of Medicine, 

211(5), 210-215. 



Page 120 Design and characterisation of gels Emanuela Lisanti 

 

12. See, E. Y., Toh, S. L., & Goh, J. C. (2011). Simulated intervertebral disc-

like assembly using bone marrow-derived mesenchymal stem cell sheets 

and silk scaffolds for annulus fibrosus regeneration. Journal of Tissue 

Engineering and Regenerative Medicine, 6(7), 528-535. 

13. Thomas, Jonathan, et al. “Novel Associated Hydrogels for Nucleus 

Pulposus Replacement.” Journal of Biomedical Materials Research, vol. 

67A, no. 4, 2003, pp. 1329–1337. 

14. Boelen, Erik J.h., et al. “Intrinsically Radiopaque Hydrogels for Nucleus 

Pulposus Replacement.” Biomaterials, vol. 26, no. 33, 2005, pp. 6674–

6683. 

15. Carl, Allen, et al. “New Developments in Nucleus Pulposus Replacement 

Technology.” The Spine Journal, vol. 4, no. 6, 2004. 

16. Drumheller, P. D., & Hubbell, J. A. (1995). Densely crosslinked polymer 

networks of poly(ethylene glycol) in trimethylolpropane triacrylate for cell-

adhesion-resistant surfaces. Journal of Biomedical Materials Research, 

29(2), 207-215. 

17. Buenger, D., Topuz, F., & Groll, J. (2012). Hydrogels in sensing 

applications. Progress in Polymer Science, 37(12), 1678-1719. 

18. Hoffman, A. S. (2012). Hydrogels for biomedical applications. Advanced 

Drug Delivery Reviews, 64, 18-23. 

19. Tabata, Y. (2009). Biomaterial technology for tissue engineering 

applications. Journal of The Royal Society Interface, 6(Suppl_3). 

20. Barbucci, R., Fini, M., Giavaresi, G., Torricelli, P., Giardino, R., Lamponi, 

S., & Leone, G. (2005). Hyaluronic acid hydrogel added with ibuprofen-

lysine for the local treatment of chondral lesions in the knee:In vitro andin 

vivo investigations. Journal of Biomedical Materials Research Part B: 

Applied Biomaterials, 75B(1), 42-48. 

21. Leone, G., Torricelli, P., Chiumiento, A., Facchini, A., & Barbucci, R. 

(2007). Amidic alginate hydrogel for nucleus pulposus replacement. 

Journal of Biomedical Materials Research Part A, 84A(2), 391-401. 

22. Reza, A. T., & Nicoll, S. B. (2010). Characterization of novel 

photocrosslinked carboxymethylcellulose hydrogels for encapsulation of 

nucleus pulposus cells. Acta Biomaterialia, 6(1), 179-186. 

23. Nair, M. B., Baranwal, G., Vijayan, P., Keyan, K. S., & Jayakumar, R. 

(2015). Composite hydrogel of chitosan–poly(hydroxybutyrate- co -

valerate) with chondroitin sulfate nanoparticles for nucleus pulposus tissue 

engineering. Colloids and Surfaces B: Biointerfaces, 136, 84-92. 

24. Mercuri, D., Leone, G., Barbucci, R., Favaloro, R., Facchini, A., Signori, 

F., Ciardelli, F. (2008). An Artificial Disc: Chemical and Biomechanical 

Analysis. Macromolecular Symposia, 266(1), 74-80. 

25. Fernandez-Moure, J., Moore, C. A., Kim, K., Karim, A., Smith, K., 

Barbosa, Z., Weiner, B. (2018). Novel therapeutic strategies for 



References.  Pag. 121 

 

degenerative disc disease: Review of cell biology and intervertebral disc 

cell therapy. SAGE Open Medicine, 6, 205031211876167. 

26. El-Sherbiny, I. M., & Yacoub, M. H. (2013). Hydrogel scaffolds for tissue 

engineering: Progress and challenges. Global Cardiology Science and 

Practice, 2013(3), 38. 

27. Kumar, A. (2016). Supermacroporous cryogels: Biomedical and 

biotechnological applications. Boca Raton: CRC Press, Taylor & Francis 

Group. 

28. Okay, O., & Auriemma, F. (2014). Polymeric cryogels: Macroporous gels 

with remarkable properties. Cham (Szwajcaria): Springer International 

Publishing. 

29. Hixon, K. R., Lu, T., & Sell, S. A. (2017). A comprehensive review of 

cryogels and their roles in tissue engineering applications. Acta 

Biomaterialia, 62, 29-41. 

30. Qi, C., Yan, X., Huang, C., Melerzanov, A., & Du, Y. (2015). Biomaterials 

as carrier, barrier and reactor for cell-based regenerative medicine. 

Protein & Cell, 6(9), 638-653. 

31. Callister, W. D., & Rethwisch, D. G. (2018). Materials science and 

engineering: An introduction. Hoboken, NJ: Wiley. 

32. Mezger, T. G. (2014). The rheology handbook: For users of rotational and 

oscillatory rheometers. Hannover: Vincentz Network. 

33. Nerurkar, N. L., Elliott, D. M., & Mauck, R. L. (2010a). Mechanical 

design criteria for intervertebral disc tissue engineering. Journal of 

Biomechanics, 43(6), 1017 30. 

34. Coussy, O., & Coussy, O. (2004). Poromechanics. Chichester, England: 

Wiley. 

35. Luo, Y., & Shoichet, M. S. (2004). A photolabile hydrogel for guided 

three-dimensional cell growth and migration. Nature Materials, 3(4), 249-

253. 

36. Mow, V. C., Kuei, S. C., Lai, W. M., & Armstrong, C. G. (1980). Biphasic 

Creep and Stress Relaxation of Articular Cartilage in Compression: 

Theory and Experiments. Journal of Biomechanical Engineering, 102(1), 

73. 

37. Hu, Y., & Suo, Z. (2012). Viscoelasticity and poroelasticity in elastomeric 

gels. Acta Mechanica Solida Sinica, 25(5), 441-458. 

38. Caccavo, D., et al. “Hydrogels: Experimental Characterization and 

Mathematical Modelling of Their Mechanical and Diffusive Behaviour.” 

Chemical Society Reviews, vol. 47, no. 7, 2018, pp. 2357–2373. 

39. Kuuskraa, V. (1982). Unconventional Natural Gas. Advances in Energy 

Systems and Technology, 1-126. 



Page 122 Design and characterisation of gels Emanuela Lisanti 

 

40. Biot, M. A. (1956). Theory of Deformation of a Porous Viscoelastic 

Anisotropic Solid. Journal of Applied Physics, 27(5), 459-467. 

41. Caccavo, D., & Lamberti, G. (2017). PoroViscoElastic model to describe 

hydrogels behavior. Materials Science and Engineering: C, 76, 102-113. 

42. Flory, P. J. (1953). Principles of polymer chemistry. New York: Ithaca. 

43. Anton Paar GmbH: e-learning course - Basics of Rheometry, part 1: 

Rotation; part 2: Oscillation. Graz, 2010. 

44. Biomedical applications of hydrogels handbook. (2016). New York: 

SPRINGER-VERLAG. 

45. Simon, C. G., Yaszemski, M. J., Ratcliffe, A., Tomlins, P., Luginbuehl, R., 

& Tesk, J. A. (2014). ASTM international workshop on standards and 

measurements for tissue engineering scaffolds. Journal of Biomedical 

Materials Research Part B: Applied Biomaterials, 103(5), 949-959. 

46. Ashter, Syed Ali. “Characterization.” Thermoforming of Single and 

Multilayer Laminates, 2014, pp. 147–192. 

47. V. Fernstrom, (1966). Arthroplasty with intercorporal endoprosthesis in 

herniated disc and painful disc. Acta Chir Scand, 355 (5), 154-159. 

48. W.B. Hamby, H.T. Glaser, (1959). Replacement of spinal intervertebral 

discs with locally polymenting methyl methacrylate. J Neurosurg, 16, 311-

313. 

49. A.L. Nachemson, (1962). Some mechanical properties of the lumbar 

intervertebral disc. Bull Hosp Joint Dis, 23, 130-132. 

50. J.P. Kostuik, (1997). Intervertebral disc replacement: experimental study. 

Clin Orthop Rel Res, 337, 27-41. 

51. Ray, C.d., et al. “Prosthetic Disc Nucleus Implants.” Rivista Di 

Neuroradiologia, vol. 12, no. 1_suppl, 1999, pp. 157–162. 

52. Ledet EH, Carl AL, Tymeson MP, Cohen B. Preliminary biomechanical 

evaluation of a synthetically engineered hydrogel for nucleus replacement. 

Proceedings of the 52nd Annual Meeting of the Congress of Neurologic 

Surgery, Scottsdale, AZ; September 19–26, 2002:314. 

53. Roughley, Peter, et al. “The Potential of Chitosan-Based Gels Containing 

Intervertebral Disc Cells for Nucleus Pulposus Supplementation” 

Biomaterials, vol. 27, no. 3, 2006, pp. 388–396. 

54. Halloran, Damien O., et al. “An Injectable Cross-Linked Scaffold for 

Nucleus Pulposus Regeneration.” Biomaterials, vol. 29, no. 4, 2008, pp. 

438–447. 

55. Wang, Hai, et al. “Utilization of Stem Cells in Alginate for Nucleus 

Pulposus Tissue Engineering.” Tissue Engineering Part A, vol. 20, no. 5-6, 

2014, pp. 908–920. 



References.  Pag. 123 

 

56. Borges, Ana C., et al. “Nanofibrillated Cellulose Composite Hydrogel for 

the Replacement of the Nucleus Pulposus.” Acta Biomaterialia, vol. 7, no. 

9, 2011, pp. 3412–3421. 

57. Zulkifli, Farah Hanani, et al. “Highly Porous of Hydroxyethyl Cellulose 

Biocomposite Scaffolds for Tissue Engineering.” International Journal of 

Biological Macromolecules, vol. 122, 2019, pp. 562–571. 

58. Sannino, A., et al. “Biomedical Application of a Superabsorbent Hydrogel 

for Body Water Elimination in the Treatment of Edemas.” Journal of 

Biomedical Materials Research, vol. 67A, no. 3, 2003, pp. 1016–1024. 

59. Vietri A. Analysis of the poroviscoelastic behavior of covalently 

crosslinked hydroxyethylcellulose for biomedical applications. 

60. Suner, Selin S., et al. “Cryogel Composites Based on Hyaluronic Acid and 

Halloysite Nanotubes as Scaffold for Tissue Engineering.” International 

Journal of Biological Macromolecules, vol. 130, 2019, pp. 627–635. 

61. Chang, Kun-Hung, et al. “Preparation and Characterization of 

Gelatin/Hyaluronic Acid Cryogels for Adipose Tissue Engineering: In 

Vitro and in Vivo Studies.” Acta Biomaterialia, vol. 9, no. 11, 2013, pp. 

9012–9026. 

62. Ström, Anna, et al. “Preparation and Physical Properties of Hyaluronic 

Acid-Based Cryogels.” Journal of Applied Polymer Science, vol. 132, no. 

29, 2015. 

63. Wang, Yu, et al. “The Influence of Artificial Nucleus Pulposus 

Replacement on Stress Distribution in the Cartilaginous Endplate in a 3-

Dimensional Finite Element Model of the Lumbar Intervertebral Disc.” 

Medicine, vol. 96, no. 50, 2017. 

64. Schultz, A., et al. (1982). Loads on the lumbar spine. Validation of a 

biomechanical analysis by measurements of intradiscal pressures and 

myoelectric signals. Journal of Bone and Joint Surgery. American Volume, 

64(5), 713. 

65. Wilke H. et al. (1999). New in vivo measurements of pressures in the 

intervertebral disc in daily life. Spine, 24(8), 755-62. 

66. Johannessen, Wade, and Dawn M. Elliott. “Effects of Degeneration on the 

Biphasic Material Properties of Human Nucleus Pulposus in Confined 

Compression.” Spine, vol. 30, no. 24, 2005. 

67. Cloyd, J. M. et al. (2007). Material properties in unconfned compression of 

human nucleus pulposus, injectable hyaluronic acid-based hydrogels and 

tissue engineering scaffolds. European Spine Journal, 16(11), 1892-8. 

68. Séguin, C. A. et al. (2004). Tissue engineered nucleus pulposus tissue 

formed on a porous calcium polyphosphate substrate. Spine, 29(12), 1299-

1307. 



Page 124 Design and characterisation of gels Emanuela Lisanti 

 

69. Johannessen, W., Vresilovic, E.J., Wright, A.C., Elliott, D.M., 2004. 

Intervertebral disc mechanics are restored following cyclic loading and 

unloaded recovery. Annals of Biomedical Engineering 32 (1), 70–76. 

70. Recuerda, Maximilien, et al. “Influence of Experimental Protocols on the 

Mechanical Properties of the Intervertebral Disc in Unconfined 

Compression.” Journal of Biomechanical Engineering, vol. 133, no. 7, 

2011. 

71. Barnes, H. A., Hutton, J. F., & Walters, K. (2005). An introduction to 

rheology. Amsterdam: Elsevier. 

72. Abdel-Halim, E. (2014). Chemical modification of cellulose extracted from 

sugarcane bagasse: Preparation of hydroxyethyl cellulose. Arabian Journal 

of Chemistry, 7(3), 362-371. 

73. Fraser, J. R., Laurent, T. C., & Laurent, U. B. (1997). Hyaluronan: Its 

nature, distribution, functions and turnover. Journal of Internal Medicine, 

242(1), 27-33. 

74. Lee, J. Y., & Spicer, A. P. (2000). Hyaluronan: A multifunctional, 

megaDalton, stealth molecule. Current Opinion in Cell Biology, 12(5), 

581-586. 

75. Kim, H. J.; Kim, K. K.; Park, I. K.; Choi, B. S.; Kim, J. H (2012). Tissue 

Eng. Regen. Med. 9, 57. 

76. Perlmutter, P. (1992). Conjugate addition reactions in organic synthesis. 

Oxford: Pergamon Press. 

77. Newell, Nicolas, et al. “Mechanical Function of the Nucleus Pulposus of 

the Intervertebral Disc Under High Rates of Loading.” Spine, vol. 44, no. 

15, 2019, pp. 1035–1041. 

78. Matsuo, M. (1996). Delayed-release tablets using hydroxyethylcellulose as 

a gel-forming matrix. International Journal of Pharmaceutics, 138(2), 225-

235. 

79. Lionetto, F., Sannino, A., & Maffezzoli, A. (2005). Ultrasonic monitoring 

of the network formation in superabsorbent cellulose based hydrogels. 

Polymer, 46(6), 1796-1803. 

80. Ström, A., Larsson, A., & Okay, O. (2015). Preparation and physical 

properties of hyaluronic acid-based cryogels. Journal of Applied Polymer 

Science, 132(29). 

81. Gatej, I., Popa, M., & Rinaudo, M. (2005). Role of the pH on Hyaluronan 

Behavior in Aqueous Solution. Biomacromolecules, 6(1), 61-67. 

82. Picout, D. R., & Ross-Murphy, S. B. (2003). Rheology of Biopolymer 

Solutions and Gels. The Scientific World JOURNAL, 3, 105-121. 

83. Becho, Juliano Dos Santos, et al. “Analysis Of Creep Viscoelastic 

Mechanical Behavior In Beams Using The Finite Element Positional 



References.  Pag. 125 

 

Formulation.” Proceedings of the XXXVI Iberian Latin American 

Congress on Computational Methods in Engineering, 2015. 

84. Atta, A. M., & Abdel-Azim, A. A. (1998). Effect of crosslinker 

functionality on swelling and network parameters of copolymeric 

hydrogels. Polymers for Advanced Technologies, 9(6), 340-348. 

85. Wong, R., Ashton, M., & Dodou, K. (2015). Effect of Crosslinking Agent 

Concentration on the Properties of Unmedicated Hydrogels. 

Pharmaceutics, 7(3), 305-319. 

86. of Metz, Jeremy & Gonnerman, Krista & Chu, Andy & Chu, Tien-Min. 

(2006). Effect of crosslinking density on swelling and mechanical 

properties of PEGDA400/PCLTMA900 hydrogels. Biomedical sciences 

instrumentation. 42. 389-94. 

87. Kristi S. Anseth, C.N.B.a.L.B.-P., Mechanical properties of hydrogels and 

their experimental determination. Biomaterials, 1996. 17(17): p. 1647-

1657. 



 

  



 

 

We did it. 

There were more than few times in which I was quite 

sure to end up before the real end. I need to thank all of 

the people who decided to be part of the struggle in 

their way because it helped me to reach this goal. 

I want to thank my family. My mum and dad for their 

infinite support in every choice of my life. To my sister, 

my “mum the second” for her every stimulus and 

exhortation, Dario for being present and supportive for 

every necessity. There are no enough words to describe 

all the feelings, and at this point I don’t want to be wide 

opened in this context. 

Thanks to prof. Anette Larsson, for being there and had 

helped me in any occasion, it was a real honour interact 

with you and sharing scientific and human experiences, 

the incitation and endorsement had been necessary to 

finish this work. It was important working and interact 

with all the group, Robin and Jessica you have been 

fundamental. 

I want to thank professor Lamberti, more because of the 

human part of our relation (to me the most significant), 

I can still remember an important phrase: we are 

human, as well. Thanks to Diego, too, it has been a 

huge work quite much impossible to elaborate without 

your help. 

In random order, thanks to Ilo, Marto and Bob, you 

know almost everything. Thanks to my friends, for being 

present and supportive. 

Most important I want to thank my grandkids, Samuele 

and Sara. I figured out the importance of your presence 



 

 

in our life. It is something I will let you write in few 

years. And you will understand. 

 

“Faccio sempre ciò che non so fare per imparare come 

va fatto.” 

Vincent Van Gogh 

  



 

 

 


