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Abstract: Hydrogels (HG) have been widely used in biomedical applications due to their high-water content which improves their biocompatibility 
with living tissue. In this study, Chitosan (CS) hydrogels cross-linked with Genipin and semi interpenetrated network (S-IPN) with PVA/PNIPAm were 
prepared to be used in the design of nucleus pulpous (NP) prosthesis. Chemical structure, morphology, swelling ratio (SR), mechanical properties 
and cytotoxicity were evaluated through a variation of the Genipin percentage and CS/PVA/PNIPAm proportions. Those experiments were carried out 
through Fourier-Transform Infrared Spectroscopy, Scanning Electron Microscopy, swelling studies, dynamic rheology, and hemocompatibility tests. 
The results showed that regardless of the Genipin percentage or polymers proportions, all HGs had interconnected porous structure, and change 
microstructurally, the pore size, its size distribution and the wall thickness. Firstly, an increment in the Genipin percentage and in the CS proportion 
concluded in an augmentation of the pore size. Secondly, an augmentation in the PVA proportion ended up producing smaller pores, with larger wall 
thickness and more homogeneous pore size distribution. The variation in PNIPAm proportion didn´t influence the morphology, but did have an impact 
on the SR and storage modulus (G´) augmenting in both cases as the PNIPAm proportion. The swelling ratio turned out to be related to the pore 
morphology; as smaller the pore size, smaller the SR. Likewise, the storage modulus rose insofar the SR diminished. In these S-IPN HGs, G´ varied 
between 77 Pa and 27000 Pa, values below and above G´ reported for human NP. Also, δ varied between 1.4° and 13.17° while the δ reported for NP 
is 23°-31°. Finally, the hemocompatibility tests did not show cellular lysis for any formulation. These outcomes demonstrated that from the rheolog-
ical and hemocompatibility point of view, this kind of as semi interpenetrated networks (S-IPNs) HGs can be tailored to attain the NP´s properties.
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Introduction
The vertebral spine is the structure responsible for providing support 

to the body and protecting the spinal cord.    The    structure   is    linked   
by   24   mobile vertebral bones, 7 of them in the cervical region, 12 in the 
thoracic region and 5 in the lumbar region. This latter region is the one 
that withstands most of the load with up to the 55% of all the load pro-
duced by the body mass 1, 2. The intervertebral discs (IVD) are embedded 
between those vertebral bodies and macroscopically, are composed by 
the nucleus pulpous (NP) surrounded by the annulus fibrous and on the 
top and bottom of NP (and part of the AF) you will find the endplates3, 4. 

The NP is a fibro cartilaginous material, with a water content that 
varies from 90% (at birth) to 70% or less at the age of 60 years old5. This 
amount of water in the NP allows its deformation while maintaining an 
incompressible volume. Thus, when a pressure is applied from above, 
the NP reduces its height and attempts to expand radially (which is pre-
vented by the AF). Therefore, the NP transmits the pressure outwards 
towards the collagen fibers in the annulus, which stores and absorbs the 
energy developing tension. NP and AF bear part of the load, the rest is 
transmitted through the vertebral endplates to the next vertebra. When 
the load ceases, the stored energy in the collagen fibers is released and 
exerted back to the NP where it is used to restore any deformation6. This 
combined action of the NP and AF also endows the disc with a great re-
silience that acts as a shock absorber, lessening the speed transmission 
of forces from one vertebra to the other3, 6, 7.

After water, the most abundant component of the NP are the pro-
teoglycans with a content of 65% of the dry weight, which decreases up 
to 30% with aging5. These are hydrophilic molecules accountable for the 
content of water and for the generation of the osmotic pressure2, 8.

Now, focusing on the specific case of low back pain (LBP), this can 

be generated by aging and diseases. The first one is a natural process 
that evokes changes in the extracellular matrix structure (which alter the 
synthetic capabilities of the disc cells) and increases the accumulation 
of degraded products that ultimately result in tissue degeneration9. On 
the other hand, degenerative disc disease (DDD) is the main source of 
chronic and recurring LBP, a condition that 80% of the population suffer 
in some part of their lives10. This syndrome alters the biomechanics of the 
disc, decreasing the proteoglycans content, dehydrating and shrinking 
the NP causing a reduction in the osmotic pressure resulting in an in-
creased range of motion1,11-14. Once the NP is damaged, it suffers an in-
crement in the shear modulus and a diminution of the swelling pressure, 
the relative energy dissipation, and the water content leading to a less-
ening of the height of the IVD. In extreme cases of failure or total removal 
of NP, excessive bulge of the AF layers leads to a collapse of the IVD4,15,16. 

Both aging and DDD can be developed even faster by adverse bio-
mechanical loadings, overloads, loads borne for long times, bad pos-
tures and high impacts on the spine4,17,18. Studies have estimated the 
annual work productivity losses for LBP in the UK, Australia and USA in 
9.1 billion £, 8.1 billion AUD$ and 100billion USD respectively18-20. 

Surprisingly, the most common approach to treat chronic low back 
diseases is to eliminate or di minish the pain rather than restoring the 
segment biomechanics3,4. When conservative treatments to relieve LBP 
(like heat and cold therapy, steroid injections, medication, physical 
therapy, etc.) do not work, surgical interventions are required. The most 
common surgical procedure in these cases is the intervertebral fusion. 
This treatment, despite diminishing pain, results in increased stiffness, 
loss of motion, and altered patterns of stress flow that produce altered 
biomechanics at adjacent motion segments21-23.The second most com-
mon surgical treatment is the NP discectomy, but in the same way, this 
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one greatly alters the biomechanical function of the disc leading to further disc degeneration in the form of circumferential tears in the AF1,24,25. 
Furthermore, after discectomy, the NP space is filled with air, causing larger displacement because air is easily compressed7,26. Since these 
traditional treatments alter the segment biomechanics increasing the risks for adjacent segments degeneration in up to 35% and 45%, are needed 
new motion-preserving treatments that, according to investigations have less ( 12% ) risk of adjacent segments degeneration27-29. Moreover, the 
risks for symptomatic adjacent segment disease in motion-preserving procedures have been reported in 4.6%, significantly lower than patients that 
underwent intervertebral fusion29.

One promising solution is disc arthroplasty (replacement), whose biomechanical objective is the restoration or preservation the mechanical 
functions of the disc30. This kind of replacement is divided mainly into two groups: nucleus prosthesis and total disc prosthesis. The latter one has 
been developed for more than 60 years, and in the specific case of lumbar arthroplasty only 3 of them have been approved by the U.S. Food and 
Drugs Administration (FDA)31,32. On the other hand, NP prostheses have been under investigation for fewer years, and none of them have achieved 
the FDA approval. These prostheses are designed to replace only the NP, maintaining the AF and the end plates intact, with the objective of restoring 
(indirectly) the biomechanical function of the entire IVD30,33.

The development of NP replacement hence relies on the tissue engineering field, which focuses on the regeneration (using scaffolds) or 
replacement (using prosthesis) of damaged tissue34. In the case of scaffolds, it is believed that cells need a supporting material to act as template 
or substrate to attach and generate new tissue. In this scenario, highly porous structures are needed since they allow vascularization and diffusion 
of the nutrients and waste products. The tissue regeneration also depends on the pore size, since it has been demonstrated that a large surface 
area (higher inasmuch as smaller the pores) benefit cell attachment and growth, while a large pore size is also required to accommodate and deliver 
the sufficient cell mass for tissue regeneration, so an equilibrium in pore size should be attained35. Nevertheless, even with an optimum pore size, 
nutrients and cells migration will be inhibited without an interconnected pores structure. These morphology conditions promoted investigations in 
hydrogels, porous materials that in some cases like in Chitosan Hydrogels, have interconnective pores. 

Another criterion to fulfill in prosthesis design is biocompatibility, and again, Chitosan hydrogels have demonstrated a good biocompatibility 
for IVD cells36, antibacterial activity against a broad spectrum of bacteria and do not generate allergic or inflammatory responses after implantation, 
injection, ingestion or topical application37-40. Nonetheless, the problem with hydrogels is their low load-bearing capacity and their biocompatibility3. 
For those reasons, this investigation evaluated Chitosan-based hydrogels as a nucleus pulpous replacement, with several chemical variations to 
improve mechanical properties. First, the cross-linking with different Genipin concentrations. Genipin has been reported as a non-cytotoxic, anti-
inflammatory, anti-angiogenic, anti-oxidative, antiproliferative, and apoptosis-inducing41. 

The second variation implemented for the CS based HGs was the insertion of two disperse phases and create and semi-interpenetrated networks 
hydrogel, using: Polyvinyl Alcohol (PVA) and Poly n-isopropylacrylamide (PNIPAm); in different proportions.

The study of NP replacements should assess mechanical, biocompatibility, bio-durability, cell-materials interaction and assimilation, kinematic 
testing, and safety testing; notwithstanding, this investigation focuses on the study of the first two characteristics in contrast with the NP properties.

Materials and methods
Materials
Chitosan MW 160.000 g/mol, deacetylation degree (DD) of 0,82±0,2 (measured by three different methods: Acid-Base Titration according 

to Youling et al.42, UV-VIS Spectroscopy as stated by Renata et al.43 and Fourier-transform infrared spectroscopy using Chitosan films and KBr 
pellets44,45); and NIPAm purity 97% were purchased from Sigma Aldrich. Genipin with a MW of 226 g/mol and purity≥98% was provided by Challenge 
Bioproducts, Polyvinyl Alcohol, MW 160.000 g/mol from Himedia was used. Acetic Acid (purity≥99,8%) from Fluca, and for the hemocompatibility 
test, Blood agar (base) from Merck and defibrinated blood from male sheep.

Methods
Chitosan/Genipin Stoichiometry Ratio
Having measured the Chitosan DD (0, 82), is fair to say that from every 100 monomers in the Chitosan chain, 82 monomers would correspond 

to D-glucosamine and 18 to N-Acetyl-Glucosamine. Thus, the molecular weight corresponding to 100 Chitosan monomers would be:

This means that for each 18673g of Chitosan, 14692 g correspond to D-glucosamine or in other words, the percentage in weight of D-glucos-
amine in the Chitosan is 78,68%.

Since each Genipin molecule reacts with 2 D-glucosamine molecules to generate the cross-linking, for a 100% reaction of the D-glucosamine 
groups in the Chitosan, the Genipin amount necessary would be:

Genipinmol = 2 xDglucosamine mol

But, since this study varied the Genipin percentage from 2,48%-5,4% (theoretically cross-linked percentage), to the former equation was need-
ed to add a factor 0,0248≤ n ≤0,053, resulting in the following equation:

Genipin mol=2 x Dglucosamine mol *n

In terms of molecular weight (MW), and replacing WDglucosamine in terms of Chitosan results:

𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝑚𝑚𝑚𝑚𝑚𝑚 = 2 𝑥𝑥 Dglucosamine mol ∗ 𝐺𝐺  

In terms of molecular weight (MW), and replacing WDglucosamine in terms of 

Chitosan results: 

𝑊𝑊𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺  = 2 𝑥𝑥 𝑊𝑊chitosan𝑥𝑥0,7868
𝑀𝑀𝑊𝑊Dglucosamine

𝑥𝑥 𝑀𝑀𝑊𝑊𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 

 

𝑤𝑤100 𝐶𝐶ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  = %𝐷𝐷𝐷𝐷 ∗ 𝑤𝑤𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + (100% − %𝐷𝐷𝐷𝐷) ∗ 𝑤𝑤𝑁𝑁𝑖𝑖𝐷𝐷𝑖𝑖𝑖𝑖𝑁𝑁𝐷𝐷−𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 
 

𝑤𝑤100 𝐶𝐶ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 82𝑥𝑥179,17𝑔𝑔𝑔𝑔 + 18𝑥𝑥221,21𝑔𝑔𝑔𝑔 = 18673,72𝑔𝑔𝑔𝑔 
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Hydrogels Preparation
The synthesis of PNIPAm has been previously published46. Three stock solutions were prepared; the first one of Chitosan 1,5% w/v in 

distilled water, with a concentration of 3% v/v of Acetic Acid. The second of PVA (3% w/v) in distilled water and the latter one of PNIPAm 
(2,5%w/v) also in distilled water. From these stock solutions, the different HGs formulations were prepared, see table 1.

Each formulation was firstly agitated in a vortex for 10 minutes and then poured in aluminum molds placed in a stove Precision Scientific 
model Thelco130, at 37°C (with vacuum) for 30h.

%CS %PVA %PNIPAm %Genipin Experimental Observation

48.0 47.0 5.0 2.480

appearance of the gels synthesized; 
all the formulations presented the 

same shape

50.0 40.0 10.0 2.792

54.0 45.0 1.0 3.281

55.0 45.0 0.0 3.988

68.0 24.0 8.0 4.058

95.0 0.0 5.0 4.060

100 0 0 2.480

100 0 0 5.300

Table 1- Formulations subjected to different curing conditions.

Evaluation of solvent evaporation
First, an aluminum mold with only solvent (water with 3% Acetic Acid) was put into the stove at 37°C for 30h. Secondly, five HGs for-

mulations were poured into different aluminum molds, covered with aluminum film (to avoid the solvent evaporation) and put into the stove 
at 37°C, also for 30h. In both cases the gelation was monitored (by visual evaluation of percolation). The five HGs formulations selected for 
this test were two from the lower edge of Chitosan proportion (48%) at the lower and higher Genipin percentage (2.48% and 5.3%); and two 
formulations from the higher Chitosan proportion (100%) at 3.92% and 2.85% of Genipin. and a formulation with an intermediate value of 
Chitosan (48%) and the presence of the two dispersed phases PVA and PNIPAm (47 and 5 % respectively). See table 2.

% CS % PVA % PNIPAm % Genipin Gelled after 
30h?

48 52 0 2.48 No

48 52 0 5.30 No

48 47 5 2.71 No

100 0 0 2.48 Yes

100 0 0 5.30 Yes

Swelling Study 
After gelation, the HGs were subjected to lyophilization at -48°C and 0,1mBar for 48h in a lyophilizerLabconco model Freezona 2.5. The 

xerogels obtained, were weighed to obtain the dehydrated weight (w0), followed by immersion in distilled water (pH 5,9±0,1) at 23°C for 
96h. After that, they were weighed again to obtain the hydrated weight (wt) and with those values, the swelling ratio (SR) was measured47.

Twenty three formulations were evaluated, where three of them were replicates and each formulation had also 3 repeated measures.

FT-IR Characterization 
Before submerging the xerogels, samples were taken for infrared spectroscopy in a Thermo Scientific model iD3-ATR. Every xerogel 

was subjected to this study in the spectral region (4000-500) cm-1. Nonetheless, those samples with PNIPAm were studied before swell-
ing and after swelling and lyophilization to study whether the interpenetrated phases were leaving from the Chitosan network.

Table 2 - Gelation of control samples averting solvent evaporation.

𝑆𝑆𝑅𝑅 =
𝑤𝑤𝑡𝑡 − 𝑤𝑤0
𝑤𝑤0
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Morphology evaluation 
The xerogels were fractured using N2(liquid)  and covered with a thin layer of gold through the sputtering process. After that, the samples were 

subjected to scanning electron microscopy (SEM) with a JOEL instrument model JSM-6390. In each SEM micrograph, approximately 100 pores 
were measured with the help of the Digimizer® program. 

Rheological Characterization
To characterize viscoelasticity, an oscillatory shear test was carried out with a parallel plate rheometer brand TA instrument model AR2000. 

For this experiment, swelled hydrogels were placed in the rheometer chamber at 37°C, and a compressive strain of 10% (based on measured 
specimen thickness) was imposed on the discs for 2 minutes before rheological testing. Firstly, it was necessary to set up the constant strain for 
dynamic frequency sweep test, to ensure the study in the linear viscoelastic range, a strain sweep was performed. Once the linear viscoelastic 
region (LVR) of all samples was obtained, a (γ) strain common for all LVR (0.2%) was selected to carry out the dynamic frequency sweep test from 
0.1rad/sec to 100 rad/sec. The samples studied in this experiment were the swelled samples from the swelling study.

Hemolysis Test
In these experiments, the S-IPN HGs were put in contact with a blood agar solution to evaluate the hemolytic properties of those materials. 

Nonetheless, this enriched medium also enhances bacteria growth, altering the study of the material biocompatibility, making the sterilization 
of all equipment and samples previous to the essay necessary. To sterilize Petri dishes and eppendorfs that would be in contact with the sam-
ples and the agar-blood solution, they were put in an autoclave, at 120°C and 1.2psi for 2 hours. To sterilize the xerogels, they were put in the 
sterilized eppendorfs with a 75% ethanol solution. Those eppendorfs were then placed uncovered inside a UV (enclosed and sterilized) chamber 
for 24h (allowing the ethanol solution to evaporate). On the other hand, the agar-blood solution was prepared, and under sterile conditions, the 
medium and each sample were transferred to the sterile Petri dishes and incubated at 37°C with a 5%CO2 flow. The areas around the hydrogels 
were observed after 24h and 48h and digital pictures(8MP) for further comparison with the control sample (agar-blood medium). In this experi-
ment, toxicity was indicated by a loss of viable cells around the test device, perceptible by a color change around the sample. A lack of hemolysis 
(sometimes called γ hemolysis) was indicated when the zone surrounding the sample was indistinct from the rest of the agar-blood. A greenish 
to brownish discoloration of the medium was a sign of oxidation 48,49.

Statistical Analyses
This investigation established a constant concentration of polymers in the initial formulations of 1.5% w/v. Within that polymer’s concentration, 

a variation of proportions in the polymers´ components were also established according to table 1.
The Genipin concentration, on the other hand, was studied between 2.48 and 5.4%. In these ranges of mixture components (CS, PVA, and 

PNIPAm) and numerical factor (Genipin), a design of experiment was carried out using the tool Combined DOE of the program DesignExpert® 
with a D-Optimally design.

After synthesis and characterization, an analysis of the empirical data obtained from swelling and rheology test were made. First, a 
normalization of data through Box-Cox transformation50 was needed and secondly, the statistical model selection was made taking into account 
Akaike’s information criterion (AICc), p-value, model lack of fit, model precision and the difference between r2

predicted and r2
adjusted

51.

Results and Discussion
Gelation
During the gelation process a decrease in the solution volume of almost all mixtures was observed. This was supported by the decrease in 

the solution volume of the 100% solvent sample. Because of the solvent evaporation, it is worth mentioning that this concludes in an increment 
of the solute concentration (polymers and cross-linked).

Regarding the synthesis, Table 2 shows that for samples with 100% of CS, regardless of the Genipin percentage the formulations percolated 
the mold (even those with the smallest Genipin%). In contrast, formulations with 48% of CS did not attain percolation, not even with the higher 
Genipin percentage. For these cases, the cure time was greater than 48 hours.

This implies that the critical variable responsible of gelation in less than 30h was the Chitosan proportion. This makes sense since the 
Chitosan/Genipin system is solely responsible for generating a macromolecule able to percolate all the system (since these two components are 
the only ones forming chemical bonds)52-55. Furthermore, the stoichiometric ratio between CS-Genipin implies that an increment in the Chitosan 
proportions increments the Genipin concentration in the solution.

Secondly, it could be seen that samples with low Chitosan proportions did not percolate before 30h. The hypotheses that can explain this 
behavior is that in the formulations with smaller CS amount, this concentration could have been too small to percolate the entire system (to attain 
sol-gel transition). In that way, allowing solvent evaporation in the system increases the solute concentration up to the point in which the CS/
Genipin concentration would be enough to percolate (besides of the five samples during the experiment of “evaluation of solvent evaporation” 
all the other samples were synthesized uncovered and allowing the solvent evaporation). Furthermore, it has been reported that diminishing 
the system responsible of gelation (CS/GNP) decreases the kinetic56 reaction, and the introduction of PVA phase slows down the cross-linking 
reaction between CS and GNP57.

Hydrogels structure
From FT-IR the first sign of the Genipin presence in the hydrogels structure was the absorption of the internal double bonds of the Genipin-

cyclopentane. This might be responsible for the absorption band in 1540cm-1 (Figure 1). Regularly, unconjugated alkenes show moderate to 
weak absorption at 1667 cm-1– 1640cm-1 but in the case of cycloalkenes, the C=C stretch vibration is coupled with the C-C stretching of the 
adjacent bounds, interaction that diminishes inasmuch as the angle within the cycloalkene decrease up to 90° displacing the absorption band 
to the right58.

A second sign of the Genipin presence in the hydrogels was the absorption bands in 795 cm-1 and 1410cm-1, where they correspond to the 
C-H out-of-plane bending vibrations of the Genipin´s alkenes58,59. 

Regarding the HGs with a PVA phase, most of the bands in this polymer´s spectrum were already in the Chitosan, so, the only difference in 
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Figure 1 - FTIR Spectra of Chitosan Film and HGs of 100% Chitosan with 3.92 and 2.68% of Genipin.

the spectrum that allowed the verification of PVA presence in the HGs was the band 1720 cm-1 (Figure 2.a), which was sign of the absorption of 
the residuals acetate groups during the manufacturing of PVA from hydrolysis of polyvinyl acetate60,37.

The hydrogels with an interpenetrated network of PNIPAm also overlapped all its bands with the Chitosan HGs bands, since they had the 
same functional groups. Nonetheless, it was possible to observe a sharper band in 1260cm-1 in contrast with the rest of the bands in the hydro-
gels spectrum (Figure,2.b) consequence of the increment in the methyl groups presents in the PNIPAm.

Figure 2 - a) FTIR Spectra of Chitosan HG and Chitosan/PVA HG. b) FTIR Spectra of Chitosan HG and Chitosan/PNIPAm HG.
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Hydrogels morphology
Variation in the Genipin percentage allowed the modification in the pore size distribution (figure 3-a). In this figure you can see that a de-

crease in the Genipin percentage narrowed the pore size distribution of the HGs, and furthermore it diminished the pore size57,58. 
Theoretically, an increment in the Genipin concentration augments the cross-linked density59, this might be the cause of the increment in 

the pore´s wall thickness (figure 3-b).
Regarding the polymers composition variation, a diminishing in the Chitosan proportion generated an increment in the wall thickness and 

a decrement in the pore size (Figure 4). This was a consequence (as before mentioned) of a lessening in the components responsible for the 
gelation, which augmented evaporation of the solvent producing a densification of the solution.

Another relevant feature in the HGs microstructure was the highly porous and interconnective structure obtained in all HGs. 

                                                                                                                        (a)

                                                                                                            (b)

Figure 3 - Hydrogels with different Genipin concentration and the same polymers composition (48% Chitosan, 47% PVA and 5% PNIPAm): (a) 
Cross section SEM micrographs. (b) Pore ratio distribution (obtain from SEM micrographs).
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Figure 4. Cross section SEM micrographs: S-IPN Hydrogels with different polymers proportions and the same Genipin concentration (~4 %).

HGs Swelling Study
The statistical model that better fitted the experimental data was represented by the follow equation:             

(equation 1)                            

Where SR is the swelling ratio this model had a p-value of 1,4E-7, with a lack of fit of 0.36, r2 of 0.941582 (with r2
predicted-r2

adjusted=0,02) and an 
adequate precision of 23.7.

The first three terms indicate that PVA, PNIPAm, and CS produced an increment in the SR of the HGs. In the case of PVA, it makes sense 
because of its hydrophilic nature 60. Regarding Chitosan, this was no surprise either since the distilled water had a smaller pH than the Chitosan´s 
pKa, allowing primary amine groups to be protonated and promoting counter ions (water molecules) to migrate from the surrounding medium to 
the inside of the HG resulting in an osmotic pressure difference. This process is named Donnan equilibrium42,54,61. Results are shown in figure 5.

In the same way, PNIPAm at the temperature of the medium (24°C) was below the lower critical solution temperature (LCST) which implies a 
linear structure and hydrophilic behavior in this polymer62,63. 

Even when the lack of strong physical or chemical bonds between PNIPAm and the other phases at temperatures below LCST has been 
reported as allowing a leakage of this polymer from the S-IPN structure towards the fluid62, this was not the case, since the study of the char-
acteristic band (1260cm-1) obtained in the FTIR essay of a xerogel (containing PNIPAm) and then after swelling and lyophilization of the same 
sample, showed no change in the intensity of that band. This is possible because the physical entanglement between the S-IPN and the chitosan 
network.

The phenomenon of swelling mentioned before deals only with water type I and II 63,64. For water type III (also called interstitial water) is 
necessary to consider the HG pore size since the water type III locates in the free space inside the HG´s structure65. Thus, while smaller pores 
hold a smaller amount of water type III in the structure, that might be the reason for the decrease of the SR inasmuch as the GNP percentage 
diminished. Figure 4 shows graphically the effect of the polymers proportion over the SW in the upper and lower edges of Genipin concentration.

 

𝑆𝑆𝑆𝑆 = 0.26𝑥𝑥𝑥𝑥𝑆𝑆 + 4.58𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 + 0.54𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 − 0,07𝑥𝑥𝑥𝑥𝑆𝑆𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 − 1.74𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥                                     
Equation 1 
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√𝐺𝐺´ = 2.32𝑥𝑥𝑥𝑥𝑥𝑥 + 14.45𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 + 1.36𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 − 5.90𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝐺𝐺𝑥𝑥𝑥𝑥      Equation 2 

 

Figure 5 - Effect of the polymers proportion over the swelling ration in the: (a) lower (2.48%) and (b) upper (5.4%) edges of Genipin concentra-
tion. With A, B and C are CS, PVA and PNIPAm proportions respectively.

Mechanical properties
In the case of the storage modulus (G´) the statistical model that better fitted the experimental data was represented by the following equa-

tion:

     (equation 2)                            

This model had a p-value smaller than 0.0001 with a lack of fit of 1.91, r2 of 0.91 (with r2
predicted-r2

adjusted=0,07) and an adequate precision of 
17.68. 

The PVA effect showed an increment of G´ inasmuch as the Genipin percentage diminished the concentration (Figure 6). The first explana-
tion for this outcome relies on the fact that increasing the amount of SR decreases the elastic modulus (and other mechanical properties)54,66-68, 
hence, those components that diminished the structure pore size, reduce the SR, producing an increment in the storage modulus (which is the 
case of diminishing Genipin percentage and augmenting PVA proportion)69. Secondly, knowing that a uniform pore structure also improves 
the mechanical properties of the HG70, increasing PVA proportion and diminishing the Genipin concentration, narrows the range of pore size 
increasing the storage modulus. Third, it has also been reported that an S-IPN of PVA endows the Chitosan network of stiffness owing to the 
hydrogen bonds between these two polymers54. And fourth, even when theoretically, increasing the amount of cross-linking agent, increases 
the cross-linking density concluding in an improvement of mechanical properties68, it has been reported that when the cross-linking overcomes 
a threshold, highly cross-linked heterogeneities appear, resulting in a diminishing in the number of cross-links formed and then in the me-
chanical properties68. Low et al. located that threshold for CS hydrogels cross-linked with GNP in 1% w/v of Genipin57, which agrees with this 
investigation, where G´ decreased inasmuch as the Genipin concentration rose from 2,48% to 5,4%.  Finally, the effect of  PNIPAm over G´ was 
not that relevant in contrast with the effect of PVA and Genipin, nonetheless, it is reasonable to expect an increment in G´ since the PNIPAm at 
37°C is contracted due to a collapse of the polymer coil, diminishing the SR of the HG69-71. 

Regarding the lag between stress and strain (δ), the models tested in the statistical analysis did not give reliable information owing to the 
lack of fit of models and the difference between r2

predicted and r2
adjusted which was greater than 0,2 in all cases.

Figure 6 - Effect of the polymers proportion over the Storage modulus in the: (a) lower (2.48%) and (b) upper (5.4%) edges of Genipin concen-
tration. With A, B and C are CS, PVA and PNIPAm proportions respectively.
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Applications of S-IPN HGs as materials for NP replacement
Table 3 shows G´ and loss tangent (tanδ) for Nucleus pulpous according to different investigations5, 73, 74, as well as those values for the HG 

S-IPN synthesized in this investigation, specifically those with the highest and smallest mechanical properties.
From table 3 it can be depicted that G´ of the S-IPN HG could be tailored to NP´s G´, nonetheless, the value of tanδ was always smaller than 

the NP´s corresponding value, this means, the S-IPN HG behaved more like an elastic solid than NPs.  
Ideally, a NP replacement should guarantee a minimally invasive surgery, looking forward to maintaining the integrity of the annulus fibrosus 

and end plates; hence, the best option is the injection of the implant into the disc space for in situ healing. Despite that in the S-IPN HG process 
of gelation they suffered a process of solvent evaporation, further studies are needed to figure out if these HGs can be synthetized allowing 
evaporation process just before the sol-gel transition (when the solution still flows) but prevented after that point, looking forward to the solu-
tion injection before sol-gel transition to in situ healing and still obtaining the S-IPN HG.

The effect over tissue regeneration, shelf life, and degradability of this S-IPN HGs should also be studied to figure out if they are suitable as 
a prosthesis or as a scaffold. Nonetheless, this investigation proved that the pore morphology can be controlled by modifying the components 
proportions and crosslinking percentage, feature that can be tailored to improve the process of tissue regeneration, since a more uniform pore 
size facilitates the spatial distribution of fibroblasts, differentiation of preosteoblasts and diffusion of macromolecules, leading to even distribu-
tion of cells and homogeneous differentiation of cells59,75.

Where * represents the formulation 50/40/10 and 2.8%GNP and ** the formulation 95/0/5 and 4.1%GNP.

Table 3 - Comparison between rheological properties of NP and S-IPN HGs.

Hemocompatibility
Blood is composed of 90% to 95% of water and around 5% of cells (red blood cells, white blood cells, platelets, etc.)71. A toxic material could 

generate hemolysis, which is the rupture of the cellular membrane of the red blood cells killing the cell43,44. Every S-IPN HG formulation does 
not exhibited hemolysis (no appearance of a whitish halo around the samples), a sign of a none-cytotoxic feature, asseveration that can be 
extrapolated to HGs in the whole range of Genipin percentage and polymers proportions studied72.  See figure 7 for hemocompatibility results.

G´[kPa] tanδ Source Species 

20.8 0.28 [73] Goats 

0.32 0.26 [74] Porcine 

4.7-26.5 0.38-0.53 [5] Human  
L4-L5 

27.96 0.045 * HG S-IPN 

0.077 0.23 ** HG S-IPN 
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Figure 7-  Hemocompatibility of agar/ blood gel formulations Evolution for 48 hr at 37°C.

Conclusions
Modification in CS/PVA/PNIPAm proportion and GNP percentage can control the pore size and its size distribution, the SR and the storage 

modulus.
The range of storage modulus obtained by the different S-IPN HGs studied, agree with the values for the storage modulus of human lumbar 

NPs and other species. Meanwhile, the loss tangent achieved in S-IPN HGs were also close to NPs values. These outcomes alongside with its 
non-cytotoxic feature, stand up this kind of S-IPN HGs for further study as material for NP prosthesis
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