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Abstract

Poly(vinyl alcohol) (PVA) is a synthetic, biocompatible polymer that has been widely studied for 

use in bioengineered tissue scaffolds due to its relatively high strength, creep resistance, water 

retention, and porous structure. However, PVA hydrogels traditionally exhibit low percent 

elongation and energy dissipation. PVA material and mechanical properties can be fine-tuned by 

controlling the physical, non-covalent crosslinks during hydrogel formation through various 

techniques; PVA scaffolds were modified with gelatin, a natural collagen derivative also capable of 

forming reversible hydrogen bonds. Blending in gelatin and poly(ethylene glycol) (PEG) with 

PVA prior to solidification formed a highly organized hydrogel with improved toughness and 

dynamic elasticity. Theta-gels were formed from the solidification of warm solutions and the 

phase separation of high molecular weight gelatin and PVA from a low molecular PEG porogen 

upon cooling. While PVA-gelatin hydrogels can be synthesized in this manner, the hydrogels 

exhibited low toughness with increased elasticity. Thus, theta-gels were additionally processed 

using cryo-gel fabrication techniques, which involved freezing theta-gels, lyophilizing and re-

hydrating. The result was a stronger, more resilient material. We hypothesized that the increased 

formation of physical hydrogen bonds between the PVA and gelatin allowed for the combination 

of a stiffer material with energy dissipation characteristics. Rheological data suggested significant 

changes in the storage moduli of the new PVA-gelatin theta-cryo-gels. Elastic modulus, strain to 

failure, hysteresis and resilience were studied through uniaxial tension and dynamic mechanical 

analysis in compression.
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1. Introduction

Polymers, more specifically hydrogels, have been studied extensively for biomaterials and 

tissue engineered scaffolds use due to their wide-ranging physical and mechanical 

properties, which can be tuned for specific applications via a variety of chemical or material 

modifications.(1) Polyvinyl alcohol (PVA) is a synthetic polymer often studied for soft tissue 

replacement and regeneration studies owing to its biocompatibility, high water content, and 

tunable properties.(1–4) While there are many methods to adjust the mechanical properties 

of PVA, most of these methods depend on a thermal transition, during which a PVA solution 

crystallizes through non-covalent intermolecular bonds, resulting in a physically crosslinked 

polymer network with a microporous structure.(5–9) Theta-gels, PVA hydrogels formed in 

the presence of a porogen, take on a unique structure, with the lower molecular weight 

porogen and higher molecular weight PVA separating into two distinct phases during the 

thermal transition, resulting in enhanced crystallinity in the denser PVA-abundant regions.

(10–12) The porogen can later be removed through dialysis, resulting in macro-pores in a 

rigid PVA network.(11, 12) PVA hydrogels can also be formed through cryo-processing, 

during which the mechanical properties can be tuned through subsequent freeze-thaw cycles, 

resulting in cryo-gels.(13–15) During cryo-gel fabrication, the formation and expansion of 

ice crystals within the PVA solution (or hydrogel for repeated freeze-thaw cycles) results in 

PVA densification in the material, increasing the overall organization and crystallinity of the 

material, thus increasing PVA rigidity.

Gelatin, a non-specific derivative of collagen, is a thermoresponsive polymer capable of 

physical crystallization.(16–18) We hypothesized that an increased formation of hydrogen 

bonds between PVA and gelatin would allow for increased stiffness while also resulting in a 

higher toughness and resilience. Here, a PVA-based theta-cryo-gel containing gelatin is 

presented, utilizing both theta-gel and cryo-gel fabrication techniques, resulting in a tough 

and resilient supramolecular hydrogel. The addition of low molecular weight polyethylene 

glycol (PEG) porogen in the PVA and PVA-gelatin solutions provided the phase separation 

critical to theta-gel formation, while a subsequent freeze-thaw cycle was employed to 

modify the structure-function material relationship. PVA-gelatin cryo-gels, in the absence of 

theta-gel processing, were used as experimental controls.

2. Materials and methods

2.1. PVA-gelatin theta-cryo-gel synthesis

PVA-gelatin theta-cryo-gels (TC-gels) were prepared using a combination of previously 

reported techniques. Low and high molecular weight PVA [Mw: low = 89–98 kg/mol, high = 

145 kg/mol; 99+% hydrolyzed], PEG [Mn = 400 g/mol], and gelatin [bovine derived, type B 

powder] were purchased from Sigma-Aldrich. PVA (15% w/v), PEG (15% w/v) and/or 

gelatin (1% w/v) were prepared with DI water and blended together in a round-bottom flask 
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at 105 °C with the use of a condenser until all of the constituents formed a homogeneous 

solution. This solution was poured into open-faced 3-mm tall molds and cooled overnight at 

room temperature, initiating the theta-gel transformation. The molds were then placed in a 

−20 °C freezer overnight to initiate the cryo-gel transformation. The following day the 

molds were removed from the freezer and the resulting hydrogels thawed to room 

temperature. The resulting theta-cryo-gels were purified via dialysis in DI water for 3 days 

at room temperature. Samples were stored in DI water at 4–8 °C to maintain hydration and 

prevent gelatin components from breaking down prior to testing.

2.2. Hydrogel structure and composition

2.2.1. Scanning electron microscopy (SEM)—Prior to imaging, specimens were 

dried via lyophilization and mounted onto aluminum specimen mounts using conductive 

carbon tape. Specimens were sputter coated with 3–4 nm gold/palladium. SEM images were 

obtained using a JEOL JSM 6060 SEM (JEOL Ltd.) operating at an accelerating voltage of 

10 keV at varying magnifications.

2.2.2. Attenuated total reflection Fourier Transform infrared (ATR-FTIR) 
spectroscopy—Prior to testing, specimens were dried via lyophilization (FreeZone, 

Labconco). Spectra were obtained using a FT-IR (IRAffinity-1S, Shimadzu) with an ATR 

head. Spectra were collected from 800–4000 cm-1 at a resolution of 8 cm−1.

2.2.3. Swell ratio and water content—In preparation for equilibrium water content 

and swell ratio measurements, rectangular hydrogel specimens were lyophilized, following 

ASTM D2765–11.(19) The dehydrated specimens were weighed and a dry weight (WD) was 

recorded. The specimens were then submerged in DI water at room temperature for 24 

hours. The hydrated hydrogels were weighed again and a wet weight (WW) was recorded. 

Equilibrium water content was calculated as the difference between the wet weight and the 

initial dry weight, divided by the wet weight. Swell ratio was calculated as the difference 

between the wet weight and the initial dry weight, divided by the dry weight.

Equilibrium Water Content =
WW − WD

WW
× 100%

Sweling Ratio =
WW − WD

WD
× 100%

2.2.4. Van Gieson staining—To verify the retention of gelatin in the hydrogels after 

fabrication, TC-gels and control hydrogels (8-mm diameter, 2.97±0.51-mm thick) were 

placed in Van Gieson solution (Electron Microscopy Sciences) and allowed to equilibrate for 

5 minutes. The specimens were removed from the staining solution and rinsed in DI water 

until no stain leached from scaffolds. The theoretical gelatin content in the hydrogels was 

either 0 or 1% (w/v) and qualitative verification of these percentages were determined. Color 

images were captured using a digital camera.
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2.3. Mechanical testing

2.3.1. Shear rheometry—Shear rheology was performed using an AR 2000 rheometer 

(TA Instruments) at 25 °C, with a Peltier plate and 20-mm diameter stainless steel cone 

geometry (1°59’06”). Various 20-mm diameter hydrogel samples were prepared and loaded 

onto the Peltier plate. Oscillatory time sweeps were performed at 1% radial strain and 10 Hz 

over a period of 3 minutes at 25 °C.(11) Oscillatory temperature sweeps were performed at 

1% radial strain and 10 Hz over a temperature range of 25–41 °C (2 °C increments with 1 

minute for equilibration). Data were analyzed using analytical software (TA Data Analysis). 

Shear storage (G′) and loss (G″) moduli were calculated after 180 seconds.

2.3.2. Uniaxial tensile test—Tensile tests were performed on a Discovery hybrid 

rheometer (TA instrument), using the dynamic mechanical analysis (DMA) machine with a 

film tension clamp geometry at room temperature. Rectangular films were cut from cast 

hydrogels to obtain standard samples (15 × 12-mm) with a uniform thickness of 3-mm. 

Samples were clamped in position and axially strained at a rate of 100 μm/s. Engineering 

axial stress and strain were calculated from force and displacement data. The tensile elastic 

modulus (E) was calculated using the linear region (10–60% strain) of the loading curves.

2.3.3. Uniaxial unconfined compression test—Uni-axial unconfined compression 

tests were performed using an AR 2000 rheometer at 25 °C, using a Peltier plate and 8-mm 

diameter stainless steel plate geometry. TC-gel samples (8-mm diameter, 2.97±0.51-mm 

thick) were loaded onto the Peltier plate and a pre-load of 0.01 – 0.03 N was applied. 

Samples were compressed at 0–20% unconfined axial strain for 1 cycle, and at 5–20% strain 

for 5 cycles; the axial strain rate was 10 μm/s. Data were analyzed using analytical software 

(TA Data Analysis). The compressive elastic modulus (E) was calculated using the linear 

region of the loading curve from the initial cycle of the hysteresis test. The area between the 

loading and unloading curves from the cyclic hysteresis testing was calculated using a 

Matlab code and the trapezoidal numerical integration (trapz) function.

2.4. Statistics

Swell ratio, equilibrium water content, oscillatory time sweep, compressive moduli, 

hysteresis area, and elastic moduli are presented as mean ± standard deviation (SD). 

Statistical comparisons were observed between materials within each molecular weight 

group for the physical characterization. Comparisons were also made between like materials, 

across molecular weight groups, for the mechanical characterization. Analyses were 

performed using a t-test with an unpaired one-tailed distribution and two-sample unequal 

variance (type 2), where p≤0.05 was statistically significant. The goal was to examine the 

effect of PVA molecular weight and the addition of gelation on the mechanical properties of 

PVA theta-cryo-gels.

3. Results and discussion

3.1. TC-gel structure and composition

In this study, we investigated the effect of combined theta- and cryo-gel fabrication 

processes using varying polymer blend combinations of PVA, PEG, and gelatin to control 
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hydrogel material and mechanical properties. Hydrogels, comprised of either high or low 

molecular weight PVA, were fabricated in the presence of PEG (a low molecular weight 

porogen), gelatin, or a combination of the two. The hydrogels were cooled to complete a 

theta-gel transition, frozen to complete a cryo-gel transition, and dialyzed to remove the 

PEG porogen, i.e., the final hydrogels did not contain PEG and the distinction of PEG use in 

the nomenclature is to signify whether it was used. As reported previously, the use of PEG 

as a porogen results in macro-porous semi-crystalline PVA networks, as shown in Fig. 1A.

(11),(12) ATR-FTIR spectra for the groups containing the high molecular weight PVA are 

shown in Fig. 1B, along with gelatin and PVA controls. The physical crosslinking of PVA 

controls and the hydrogels incorporating gelatin occurred due to numerous inter-chain 

hydrogen bonds between OH groups, formed during crystallization of the polymer and 

identified as the peak at 1141 cm−1.(11, 20, 21) The intensity of this peak is related to the C-

O stretching vibrations of the intermolecular hydrogen bonds contained within the 

crystalline regions of PVA. The PVA control shows a large peak at this wavelength 

compared to the other samples. As expected, there is no peak associated with gelatin at this 

wavelength. The existence of intermolecular hydrogen bonds was also verified by the 

appearance of peaks within 1090 – 1150 cm−1. The PVA and PVA theta-cryo-gel without 

gelatin display similar curves in this region. Gelatin shows small peaks in this region, 

representative of the hydrogen bonds in the peptide. However, the PVA theta-gels and PVA 

cryo-gels which contained gelatin show increased intensity for the C-O peak. The increased 

peak areas for these samples indicates that hydrogen bonding occurred between PVA and 

gelatin, which is supported by the increased stiffness of the composite hydrogels (see Fig.2–

4). Due to the use of PEG porogens during the solidification process, PVA and gelatin 

molecules interacted more intensely with each other through the theta-gel and cryo-gel 

processing, compared to PVA-gelatin cryo-gels, which is supported by the data in Fig. 1B.

The equilibrium water content and swell ratio of PVA, PVA-PEG, and PVA-PEG-gelatin 

TC-gels are shown in Fig. 1C. The swell ratio decreased with the addition of PEG, and with 

the combined addition of both PEG and gelatin; the materials with higher amounts of 

crystalline content resulted in lower swell ratios, as expected. It was previously shown that 

increasing porogen (i.e., PEG) concentration increased hydrogel pore size and porosity, 

resulting in higher water contents; however, this trend was only seen with the addition of 

gelatin in the theta-gels.(10, 22) It has also been shown that the addition of gelatin to PVA 

theta-gels increased pore size compared to PVA theta-gel controls.(11)

Gelatin retention in the biosynthetic TC-gels was verified using a visual Van Geison assay, 

as shown in Fig. 1D. Qualitatively, materials with higher molecular weight PVA appear to 

retain more gelatin, resulting in a darker stain. It was hypothesized that the longer polymer 

chains of the high molecular weight PVA become more physically entangled with the gelatin 

polymer chains, resulting in an increased retention of the gelatin component. Similarly, the 

hydrogel samples fabricated with PEG appear darker after the Van Geison assay. During the 

theta-transition and pore formation, PVA chains form semi-crystalline regions as the chains 

are pressed together by forming ice crystals.(7, 13) These regions experience higher degrees 

of chain entanglement and ionic interactions, resulting in more gelatin being trapped in these 

systems. Additionally, the helical or coil structure of gelatin may become ensnared between 

the planar structures of PVA.(23)
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3.2. Mechanical properties

3.2.1. Shear rheometry—Soft tissues can undergo shear loading, thus, shear 

rheological testing was performed to study the TC-gel response to shear loading events and 

thermal transitions. Simple oscillatory time sweeps were performed to collect storage and 

loss moduli at room temperature. As expected, no significant changes in mechanical 

response as a function of time were observed, indicating a stable hydrogel network was 

formed (Fig. 2A). The highest shear modulus was obtained by the 15-15-1 groups; the 

15-15-1 groups exhibited significantly higher moduli compared to the remaining groups. 

Varying the PVA molecular weight showed little impact on the final shear mechanical 

properties, suggesting that the hydrogel fabrication process affected the storage modulus 

more compared to the PVA chain length. More importantly, the greatest increase in shear 

stiffness occurred with the TC-gel fabrication process in the presence of gelatin. Without the 

addition of gelatin, the differences in the cryo-gel and TC-gels was minimal.

Oscillatory temperature sweeps from 25 to 41 °C were used to characterize the hydrogel 

response to temperatures approaching and exceeding body temperature, as shown in Fig. 2B. 

Material trends from the oscillatory time sweep were apparent in the temperature sweeps as 

well. Both 15-15-1 groups were considerably higher than their non-gelatin counterparts, 

with no significant differences between the remaining groups. As the temperature increased, 

there was a corresponding drop in shear moduli in the groups containing gelatin, further 

confirming the presence of the thermo-responsive polymer in the system. This softening is 

attributed to the conformational change of gelatin from a triple helix structure to a less rigid 

coil structure.(24, 25) There were no appreciable changes in the moduli for the control 

groups without gelatin.

3.2.2. Tensile mechanical properties—Tensile testing was employed to investigate 

Young’s modulus and percent elongation (i.e., strain to failure) of the hydrogels. Due to 

testing limitations, the only groups that were able to be successfully loaded for testing were 

the 15H-15–1 and 15H-15–0 groups. The remaining groups were unable to be clamped into 

the testing apparatus successfully and failed prior to testing. The group containing gelatin 

displayed a significantly higher Young’s modulus than the group containing just PVA, both 

fabricated with the PEG porogen (279.8±9.69 Pa compared to 179.2±21.72 Pa, p<0.01), as 

shown in Fig. 3A. Further displayed in Fig. 3B, the Young’s moduli for both materials were 

much lower than their corresponding compressive moduli. Interestingly, both materials 

exhibited percent elongations exceeding 90%; however, there was no significant different 

between the groups with or without gelatin (112.09±20.05% compared to 92.89±26.56%, 

p=0.37), suggesting that the addition of gelatin did not result in further elongation than both 

the theta- and cryo-processes.

3.2.3. Compressive mechanical properties—Hydrogel compressive elastic moduli 

ranged from 715.5±266.5 Pa for the 15L-0–1 group, up to an impressive 43092.0±4705.9 Pa 

for the 15H-15–1 group, indicating a high dependence on hydrogel composition and 

fabrication technique (Fig. 4A). Hydrogels fabricated without PEG exhibited the lowest 

compressive moduli, while hydrogels fabricated with PEG and containing gelatin 

demonstrated the highest moduli. Without the PEG porogen, the 15-0-1 groups relied 
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predominately on chain entanglement and electrostatic forces to form a hydrogel, resulting 

in a less structured, softer material. Some crystallinity was imbued during the cryo-gel 

process, wherein the hydrogel was frozen, causing ice crystal formation, forcing polymer 

chains into more ordered crystals.(13, 26) There was a significant increase in stiffness with the 

use of the PEG porogen, as the porogen induced the PVA polymer chains to form tighter 

semi-crystalline regions around the water soluble PEG during the cooling process.(7) Similar 

to the previous case, the cryo-gel process reinforced crystallinity through ice formation, 

further stiffening the 15–15-0 TC-gels. The highest compressive moduli were associated 

with the 15-15-1 groups, which benefited from both the use of PEG porogens and increased 

polymer entanglement with the gelatin, thus exhibiting significantly higher moduli than 

either of the prior groups. The data suggests that increasing the molecular weight of PVA led 

to increased compressive moduli; however, significant differences between PVA molecular 

weight groups were only observed in the groups containing gelatin (15-15-1 p<0.001, 

15-15-0 p=0.77, 15-0-1 p< 0.05), suggesting that the change in mechanical properties due to 

the theta-transition, in addition to cryo-processing, was more dominant than altering the 

molecular weight. The significant differences seen in the groups containing gelatin suggests 

correlation between increasing chain entanglement(23) between PVA and gelatin and 

increasing PVA molecular weight, resulting in a stiffer network.

Cyclic compressive hysteresis tests were performed in one and 5 cycle iterations to 

investigate material resilience, and energy dissipation properties, as a result of chain 

mobility during dynamic loading. Similar to the compression tests results, a wide range of 

values were obtained depending highly on the hydrogel composition and processing 

technique, with significant differences seen between groups with similar PVA molecular 

weights in both 1 cycle and 5 cycle test results (Fig. 4B,C respectively). Groups that did not 

use PEG were considerably more compliant and weaker due to a lack of theta-transition, 

with only ice crystal formation of the singular cryo-cycle inducing polymer organization. 

Groups fabricated with PEG were considerably stiffer, with the groups fabricated with PEG 

and gelatin exhibiting the highest stresses for similar displacements. These trends were 

justified, as the materials with higher compressive moduli were able to maintain higher 

stress values over the same strain values. The area between the loading and unloading curves 

was calculated to quantify the differences in material groups and to make inferences on 

energy loss (Fig. 4D). Groups fabricated with the PEG porogen and containing gelatin 

exhibited the largest area between curves, indicating higher energy dissipation, followed by 

groups fabricated with PEG, and lastly the groups containing gelatin. The energy loss can be 

attributed to chain mobility and rearrangement of hydrogen bonds during each cycle.(27) 

Upon the removal of the load, the molecular rearrangement dissipated energy introduced 

into the material during loading, and the elastic behavior of the polymer chains resulted in 

excellent dimensional stability upon return, indicated by the absence of plastic deformation 

and the continued ability to dissipate energy with repetitive loading.(28) PVA and gelatin 

combined in the system increased crystallinity, as shown in Fig. 1B, comprised of physical 

self-healing hydrogen bonds.(29) The supramolecular nature of the composite hydrogel 

resulted in a material with a high resilience, based on the thermodynamic principles of 

elastic polymer networks.(28, 29) Both constituents affected the overall structure, increasing 

the resistance of permanent deformation.(30) In addition, fluid flow, made easier in the 
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presence of larger pores, relieved stress by dissipating energy which contributed to the 

energy dissipation of materials with high swell ratios. These experiments were performed in 

unconfined compression, allowing unrestricted water flow in and out of the hydrogel 

network, however, water loss due to evaporation was not prevented.

Conclusions

The incorporation of gelatin in the fabrication of PVA TC-gels enabled the production of 

highly resilient, stiff and tough hydrogels. Indeed, the addition of the short chain, thermo-

responsive peptide gelatin resulted in an enhanced hydrogel optimal for soft tissue repair, 

exhibiting statistically significant improvements in mechanical properties compared to PVA 

alone. The enhanced properties may depend on the incorporation of gelatin into the PVA 

crystalline structure, increasing the number of physical hydrogen bonds; the reversible bonds 

combined with elastic, mobile chains enabled tough materials to dissipate energy though 

molecular motion, however, the materials exhibited high resilience upon unloading as a 

result of the supramolecular network. As shown in this report, varying the composition 

and/or fabrication technique of these novel materials allows for the optimization of physical 

and mechanical properties. Despite being mechanically advantageous for soft tissue 

replacement, PVA lacks cell adhesion capability. The addition of biomolecules, proteins, or 

bioactive compounds can be used to impart bio-functionality onto the PVA material.(31–33) 

It is further hypothesized that the addition of gelatin provides cell adhesion ligands creating 

a bioactive hydrogel.(11) Future experiments will investigate the efficacy of PVA-gelatin 

TC-gels for use in biomedical applications via cell adhesion, viability, and migration studies.
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Fig. 1. 
(A) SEM images of 15H-15–1 TC-gel surfaces after manufacturing compared to a cryo-

fractured surface, showing the two distinct scales of porosity in the dehydrated hydrogel 

(x250 magnification, scale bar = 100 μm). (B) ATR-FTIR spectra of TC-gels and the 

respective controls. (C) Swell ratio and equilibrium water content calculated for TC-gels and 

the respectful controls after 24 hours of hydration in DI water and subsequent lyophilization. 

Data are represented as mean ± standard deviation; n = 5. (D) Images of Samples containing 

gelatin retained a pink hue, a signal that the Van Gieson’s solution has bound to collagen, or 

in this case its gelatin derivative.
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Fig. 2. 
(A) Bar graph depicting oscillatory shear moduli for the time sweep at room temperature 

(mean ± standard deviation). Oscillatory time sweeps occurred at room temperature over a 

period of 3 minutes. There were no significant changes in the material with time; however, 

there were significant differences in G′ and G″ between groups (** p<0.01, * p, 0.05). (B) 

Oscillatory temperature sweeps from 25–41 °C. Samples containing gelatin showed a sharp 

decrease in modulus as temperature increased due to a conformational shift in the structure 

of gelatin, whereas those containing no gelatin saw no sharp change in modulus, (solid 

circles = G′, hollow circles = G″.
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Fig. 3. 
(A) Stress versus percent elongation plots for the two tested material groups (** p<0.01). (B) 

Average elastic modulus and percent elongation with standard deviation. There was no 

significant difference in percent elongation (p=0.374).
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Fig. 4. 
(A) 0–20% uniaxial unconfined compression tests at 10 μm/s (*** p<0.0001, * p<0.05). (B) 

Average area between hysteresis curves with standard deviation. This area is indicative of 

energy loss between loading and unloading curves (** p<0.01, * p<0.05). (C) 0–20% strain 

single cycle representative hysteresis curve for each material group. (C) 5–20% strain five 

cycle representative hysteresis curve for the 15H-15–1 material group. Dynamic data is also 

presented as (E) the total energy absorbed by the materials during loading and (F) the 

percent energy returned (i.e., % resilience) upon unloading.
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