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A novel poly (vinyl alcohol)/poly 
(ethylene glycol) scaffold for tissue 
engineering with a unique bimodal 
open-celled structure fabricated 
using supercritical fluid foaming
ping Liu1, Wenhua Chen2, Cuihua Liu1, Ming tian1 & Pengju Liu  2

In this study, a novel poly (vinyl alcohol) (PVA)/poly (ethylene glycol) (PEG) scaffold was carefully 
designed via thermal processing and subsequent supercritical fluid (SCF) foaming. Interestingly, a 
bimodal open-celled structure with interconnected networks was successfully created in the plasticized 
PVA (WPVA)/PEG scaffold. Large cells were produced from the nucleation sites generated in the PVA 
phase during rapid depressurization, while plenty of small pores generate in the cell walls of the 
big cells. The formation mechanism of this cellular structure was studied by considering the various 
phase morphologies and the diffusion behaviour of the carbon dioxide (CO2) in individual phases. In 
addition, the intermolecular interactions of the WPVA/PEG blend were studied using X-ray diffraction 
and FTIR analysis. The results demonstrate that various types of hydrogen bonds among the hydroxyl 
groups on the PVA chains, PEG and water molecules are formed in the blend system. The realization 
of thermoplastic foaming of the PVA/PEG blend benefits from the interactions of complexation and 
plasticization between water and PEG molecules. The SEM images also revealed that L929 fibroblast 
cells were able to attach and spread on surfaces of the WPVA/PEG samples. Thus the WPVA/PEG 
scaffold with unique bimodal cellular structure is nontoxic and favours the attachment and proliferation 
of cells, making it promising for use as the candidate for tissue engineering applications.

Recently, environmentally friendly and biodegradable polymer foams have attracted increasing attention from 
academic and industrial researchers. This is because these porous materials have been widely developed for drug 
delivery application and as the scaffold for tissue engineering1–3. As a representative of this family, poly (vinyl 
alcohol) (PVA) is not only biodegradable but can also be produced via non-petroleum routes, which is an alter-
native to the exhaustion of petroleum resources. For tissue engineering applications, it is generally required that 
the porous materials have good mechanical strength, biocompatibility and biodegradability. The interconnected 
network allows the easy diffusion of nutrients and wastes, while the hierarchical pore structure is critical in seed-
ing and adhesion of cells4,5. PVA is a typical polar polymer with multi-hydroxyl groups and shows good compre-
hensive performance, including generally superior mechanical and thermal properties compared to polyolefin, 
with favourable biocompatibility, and excellent barrier properties, thus making it an ideal candidate for a variety 
of tissue engineering applications, such as bone, cartilage, and the aortic heart valve6,7. In addition, PVA has an 
uncomplicated chemical structure and the abundant pendant hydroxyl groups provide various possibilities for 
PVA modification by simple chemical reaction. However, because of the narrow gap between the melting point 
and decomposition temperature of PVA, to date, the realization of PVA foam that has been reported in most liter-
atures is confined to solution-based methods, which are complex and inefficient. Thus, the development of a new 
strategy for producing such structured PVA foam is still a great challenge and is urgently needed.
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Over the past few decades, supercritical fluid (SCF) technique has developed into an advantageous method in 
terms of preparing polymer foams, attributed to its unique features including controllable cellular structure and 
exemption of toxic organic solvents8,9. Specifically, supercritical carbon dioxide (scCO2)10,11 is widely adopted as 
blowing agent for SCF due to its merits of non-toxicity, non-flammability, chemical stability, and less-demanding 
supercritical conditions (i.e., Tc = 31 °C, Pc = 7.38 MPa). Along with the rapid development of SCF technology, 
massive work has been conducted on the preparation of PVA foams. However, PVA shows poor foamability and 
exhibits an extremely narrow processing temperature range due to its strong hydrogen bonding. The solubility 
of CO2 in PVA depends on its moisture content, and only samples with a high moisture content can foam with 
CO2

12. This is because the moisture in PVA acts as a plasticizer and enhances the foamability of PVA using scCO2 
the as blowing agent. A PVA/microfibrillated cellulose (MFC) composite was successfully foamed using water 
and scCO2 as the co-blowing agents through continuous extrusion foaming13 and batch foaming14. The added 
MFC and the crystals that develop around them played a critical role in PVA/MFC composites foaming. A facile 
strategy based on complexation and plasticization between water and PEG molecules was designed by the authors 
to initiate the thermal processing of PVA15–17. Further, we prepared the foamed PVA materials with microcellular 
structure by using thermal processing and SCF technology18–20. Water, serving as the major plasticizer for PVA, 
can efficiently control its supramolecular structure and confine its crystallization. As a result, the foamability of 
plasticized PVA was substantially enhanced by the increased CO2 solubility. Unfortunately, the prepared PVA 
foams via thermoplastic foaming will always be the foams with closed-cell structure, which is not suitable for 
the diffusion of nutrients and growth of new tissue. Therefore, the main objective of this paper is to create the 
open-celled porous structure in PVA-based foams based on our previous work.

Poly (ethylene glycol) (PEG) is a water-soluble polymer and is available in molecular weights ranging from 200 
to 20000. Due to its non-toxic, biodegradable and biocompatible properties, PEG is also widely applied in tissue 
engineering fields. PEG containing ether groups has an affinity for CO2 due to dipole-quadrupole interactions21,22, 
and the solubility of CO2 in PEG is much higher than that of polymer in most cases. For example, the solubility of 
CO2 in PEG is 1.8 times as large as that in polystyrene at 10 MPa and 110 °C23. Additionally, PEG presents similar 
polarity and structure to PVA, providing a miscible or partially miscible blend after the melt process. In view of 
these advantages, PEG can be considered as a good candidate for improving the thermoplastic foaming of neat 
PVA; thus, the porosity of the PVA scaffold can be controlled by blending various amounts of PEG. To the best 
of our knowledge, few results associated with PVA/PEG scaffold have been reported, and also the study on the 
thermoplastic foaming behaviour of PVA/PEG blend with scCO2 as blowing agent has not been reported to date.

In this study, the porous PVA/PEG blend scaffold was prepared through thermoplastic foaming using scCO2 
as the physical blowing agent. The effect of PEG on the morphology and foaming behaviour as well as the interac-
tions among the components, water state and thermal properties of PVA/PEG blends were systematically inves-
tigated. Due to the different solubility and diffusivities of scCO2 in PVA and PEG, the scaffold of the PVA/PEG 
blend showed a unique bimodal cellular structure, in which the smaller cells formed in the PEG phase were 
embraced in larger cells formed in the PVA phase. In addition, in vitro culture of the L929 fibroblast cells on the 
WPVA/PEG was performed to evaluate their cell viability with the CCK-8 assay, as it may have potential applica-
tions in the field of tissue engineering.

Results
Thermal performance of WPVA/PEG composites. PVA is a typical multi-hydroxyl polymer with strong 
intra- and intermolecular hydrogen bonding, leading to a relatively high melting temperature, very close to its 
decomposition point. Thus, the critical issue to realize the thermal processing of PVA is destroying its original 
hydrogen bonding and controlling its supermolecular structure to decrease its melting point. Herein the DSC 
curves were recorded to study the influence of PEG on the melting and crystalline behaviour of PVA. Figure 1 
presents the heating and cooling DSC curves of dry PVA, water-plasticized PVA (WPVA) and WPVA/PEG com-
posites with various PEG-200 (PEG with an average molecular weight of 200 g/mol) contents. The related data 
are summarized in Table 1. Two obvious endothermic peaks can be observed in the heating curves of all samples, 

Figure 1. DSC curves of PVA, WPVA and WPVA/PEG-200 composites: (a) heating curves and (b) cooling 
curves.
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in which the former peak is attributed to the evaporation of residual water and the latter one belongs to the 
melting of PVA. Apparently, the samples of WPVA and WPVA/PEG exhibit notably higher water evaporation 
temperature (Tp) compared to bulk water (approximately 100 °C). This is because the interaction of hydrogen 
bonds between water and PVA molecules is stronger than that among sole water molecules. For the WPVA/PEG 
system, extra hydrogen bonds of PEG-water are generated; thus, more energy is needed to break these hydrogen 
bonding before evaporation. As expected, neat PVA shows a high melting temperature (Tm) at 215 °C. Although 
removing the residual water in the WPVA sample during the first heating cycle, the plasticization effect of water 
on PVA chains is still preserved at high temperature, leading to a decrease in the melting point of WPVA. With 
the addition of PEG, the melting peaks of WPVA/PEG composites become weaker and broader, and gradually 
shift to a lower temperature, from 199 to 171 °C. This is due to the generated hydrogen bonding of PVA-PEG, 
disrupting the regular structure and improving the movement of PVA chains. Figure 1b reveals that WPVA/PEG 
composites tend to crystallize at lower temperatures compared to pure PVA, whose crystallization temperature 
(Tc) is approximately 170 °C. In particular, Tc of the composite with 20 wt.% PEG decreases to a temperature as 
low as 134 °C. Obviously, the introducing of PEG into PVA matrix significantly disturbs the regularity of molec-
ular chain arrangement in PVA upon cooling, thus hindering its crystallization.

In addition, DSC curves during the second heating cycle also provide the glass transition temperature (Tg) of 
WPVA/PEG samples, which can effectively reflect the influence of PEG on the chain mobility of PVA. As clearly 
shown in Fig. 2, a Tg of 82 °C is detected for pure PVA. For WPVA/PEG composites, their Tgs are significantly 
lower, and show a continuous descent with the rising of PEG content, for example, only 23 °C for the WPVA/
PEG composite with 20 wt% PEG. This is also due to the fact that the original hydrogen bonds among sole PVA 
molecules were partially dismissed and re-formed among PVA and PEG molecular chains.

Intermolecular interactions of plasticized PVA/PEG composites. The influence of PEG on the crys-
talline structure of PVA was further studied by X-ray diffraction, as shown in Fig. 3. PVA, as a semi-crystalline 
polymer, exhibits five typical diffraction peaks in the angular range of 10°–50°, i.e., diffraction peak of plane (100) 
at 11.5°, (101) at 19.5°, (101) at 20.1°, (200) at 23.0°, and a compound peak of crystalline planes of (111), (111), 
(210), and (210) at around 40.5°24,25. As revealed, all these diffraction peaks for WPVA/PEG composites are 
weaker in intensity compared to pure PVA, and the intensity continuously declines with increasing PEG content, 
suggesting that the crystallization behavior of PVA chains is hindered by the plasticization between water and 
PEG. In general, the (101) diffraction is associated with the intermolecular interference among PVA chains and 
will provide useful information about the feature of hydrogen bonds. The enlarged (101) interplanar spacing 
suggests the weakened self-hydrogen bonding between PVA chains by generating the hydrogen bonding with 
water and PEG molecules. Thus, the reduced degree in crystallization is in favor of the melt processing of PVA.

Sample Tm/°C Tp/°C Tc/°C Tg/°C

PVA 215 100 170 82

WPVA 208 112 165 —

WPVA/PEG(95/5) 199 116 152 52

WPVA/PEG(90/10) 191 121 145 26

WPVA/PEG(85/15) 178 125 141 —

WPVA/PEG(80/20) 171 126 134 23

Table 1. Related data concluded from the DSC curves of PVA, WPVA and WPVA/PEG composites with 
various PEG-200 contents.

Figure 2. Glass transition temperatures of PVA and WPVA/PEG-200 composites.
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To further interpret the interaction of complexation between PVA and PEG molecules, we conducted FTIR 
analysis so that various functional groups of PVA and WPVA/PEG samples can be identified. The corresponding 
FTIR spectra are presented in Fig. 4. As shown, neat PVA exhibits a considerably wide band of hydroxyl stretch-
ing spanning 3000–3800 cm−1, ascribed to the free alcohol (unbound -OH stretching band at 3600–3650 cm−1) 
in amorphous phase and the bonded hydroxyl (3200–3570 cm−1) in crystalline phase. Whereas, such bands 
of WPVA/PEG composites shift to higher wavenumbers, and the level of the blue-shift becomes larger for the 
composite with higher PEG content, for example, by approximately 19 cm−1 with the PEG content increasing to 
20 wt%. As we all know, the hydrogen bonds in the system will always have a great impact on the stretching band 
of hydroxyl26,27. PVA is known to form hydrogen bonding among its OH groups both intermolecularly and intra-
molecularly, while WPVA/PEG composites can form extra hydrogen bonding among the OH groups from PVA 
chains and the PEG molecules, and the extra hydrogen bonding increases in the blend system with increasing 
PEG ratio, which can be illustrated by Fig. 5.

Phase morphology of PVA/PEG composites. In general, the cellular structure created in the final 
foamed samples will always be affected by the phase morphology of a blended system. Herein, the micrographs 
of solid WPVA/PEG blends are investigated by SEM and the related images are shown in Fig. 6. Limited to the 
solution process of pure PVA, few studies reported the microstructure of PVA/PEG in the solid state. It is worth 
noting that we successfully obtained the phase morphology of WPVA/PEG through thermal processing. It is 
observed that a uniform and smooth surface morphology is found in the case of the WPVA/PEG blend with a 
low PEG-200 concentration (below 10 wt%). This is because a similar group and structure are observed in PVA 
and PEG chains. When the PEG concentration is further increased to 20 wt%, an obvious folded and rugged 
structure occurs on the fracture surface of the WPVA/PEG blend. PEG has a much larger chain length compared 
with water, and shows a limited compatibility with PVA. This means that the blended PVA/PEG systems are mis-
cible only when the PEG-200 content is less than 10%. Thus, a different phase morphology caused by weak phase 
separation is detected in the WPVA/PEG blend with a high PEG concentration, like the immiscible WPVA/PEG 
(80/20) sample shown in Fig. 6f.

Figure 3. XRD patterns of neat PVA and WPVA/PEG composites with various PEG-200 content.

Figure 4. FTIR spectra of PVA and WPVA/PEG composites with various PEG-200 content.
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PEG is available in a large range of molecular weight from 200 to 20000 g/mol. PEGs up to a molecular weight 
of 600 g/mol are liquid, while those with higher molecular weight are solid. In addition, the hydroxyl group 
density decreases for PEG with a higher molecular weight. We also studied the phase morphologies of WPVA/
PEG blends in which the molecular weight of solid PEG is 6000 g/mol. As expected, PEG-6000 presents totally 
different phase morphologies in WPVA/PEG blends, compared with PEG-200. Resulting from the poor mobility 
of its long chain and small number of hydroxyl groups, PEG-6000 shows a significantly reduced compatibility 
with PVA, and a serious phase separation can be observed in WPVA/PEG blends, as shown in Fig. 7. Thus, we 
can conclude that PEG-6000 is immiscible with PVA. The phase domain of PEG-6000 grew in size with increased 

Figure 5. Scheme of hydrogen bonding in (a) WPVA and (b) WPVA/PEG.

Figure 6. Micrographs of solid WPVA/PEG-200 blends: (a,d) WPVA/PEG (95/5); (b,e) WPVA/PEG (90/10) 
and (c,f) WPVA/PEG (80/20).
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PEG concentration, and the phase structure of WPVA/PEG-6000 gradually changed into the sea-island structure. 
In addition, an increase in the PEG weight fraction was related to the increasing number of islands.

Cell morphologies of PVA/PEG composite scaffold. Normally, polymer blends will always present a 
different foaming behaviour compared to the single polymer. Possible reasons include the heterogeneous nucle-
ation in interfacial regions, different solubility and diffusion coefficients of the foaming gas in each phases, and 
the various viscosity of the components. Herein, in order to tune the cell structure of the PVA scaffold, the second 
phase (the PEG phase) was introduced into the WPVA system. The phase morphologies of the WPVA/PEG blend 
can be effectively adjusted by varying the addition content or molecular weight of PEG, thus realizing the modi-
fication of the cellular structure of the composite scaffold.

In our previous studies18–20, the systematic experiments were carried out to investigate the SCF foaming of 
WPVA under different foaming conditions, including various foaming pressures, temperatures and saturation 
times. Therefore, the WPVA/PEG blends were foamed at the optimal condition of 120 °C, 12 MPa and a pres-
sure release rate of 8 MPa/s. SEM micrographs of a foamed WPVA/PEG scaffold with various PEG contents and 
molecular weights were showed in Fig. 8. The foamed WPVA sample shows a uniform cellular structure after 
the rapid depressurization, even at relatively high foaming temperature18. However, after incorporating PEG, a 
significant change from closed-cell structure to open-cell structure is observed in the WPVA/PEG blend scaffold. 
Benefiting from the enhanced solubility of the blowing agent (CO2), the bubbles are easier to generate and grow 
in WPVA/PEG sample, thus leading to a highly porous open-cell structure with irregular cells. With increased 
PEG content, the WPVA/PEG (90/10) scaffold shows the increased number of cells with smaller cell size. This is 
because more dissolved CO2 in the polymer matrix will lead to an increase in the supersaturation of the polymer/
gas system during the depressurization process. The energy barrier to nucleation strongly decreases, leading to 
more cells being nucleated with in a given volume, and thus more but smaller cells are generated. When the PEG 
content is further increased, with a sudden evolution of the phase morphology (as discussed above), a signif-
icantly different and unique cellular structure is created in the WPVA/PEG (80/20) sample. The scaffold has a 
special bimodal pore structure where the small-size pores are surrounded by the large ones.

In addition, we also investigated the foaming behaviour of the WPVA/PEG blend with high-molecular-weight 
PEG. The obtained cellular structure of the WPVA/PEG-6000 scaffold is shown in Fig. 8. As mentioned above, the 
phase morphology determines the final cellular structure created in the blend system. Due to the phase separa-
tion between PVA and PEG, the unique bimodal cellular structure is observed in all WPVA/PEG-6000 scaffolds. 
The number of small pores gradually increases with increased PEG concentration. Thus, it is easy to see that the 
small pores are created in the PEG phase, which is consistent with the phase morphology of the solid WPVA/PEG 
blend. Therefore, it is further confirmed that we can effectively adjust the cellular structure of the WPVA/PEG 
scaffold by varying the PEG concentration or the molecular weight of PEG.

As shown in Fig. 9, at the given processing parameters, the size range of the large cell is between 30 and 150 
μm, while the range of the small cell is below 15 μm that is much smaller than that of neat WPVA foam. The foam-
ing behavior of such a unique pore structure can be interpreted by considering the morphology and the diffusion 
behaviour of the physical blowing agent (scCO2) in each phase. On the one hand, WPVA/PEG blends with high 
PEG concentration or high-molecular-weight PEG present the sea-island structure because of the immiscibility 
between them. Furthermore, the solubility and diffusivity of CO2 in the “sea phase” (PVA phase) differ from 

Figure 7. Micrographs of solid WPVA/PEG-6000 blends: (a,d) WPVA/PEG (98/2); (b,e) WPVA/PEG (95/5) 
and (c,f) WPVA/PEG (90/10).
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those in the “island phase” (PEG phase). When high CO2 pressure is released, as a result of the higher solubility 
of CO2, the cell nucleation is enhanced in the PEG phase and a large number of small cells occur in the given 
volume. In contrast, fewer but larger cells are created in the PVA phase that embrace the small cells in the PEG 
phase. Specifically, a cellular structure with highly elongated pores is observed in the PVA phase. When used as 
the scaffold for tissue engineering, these tubular pores (as indicated by the yellow arrows) are beneficial to guide 
cell growth and extra cellular matrix deposition along the direction of the elongated pores arranged parallel to the 
surface/subchondral bone1,28. A large number of small pores (as indicated by the white arrows) with a diameter 
of approximately 10 μm are located at the pore wall surface, that is, the bimodal porous structures are intercon-
nected, allowing for cell and nutrient transport throughout the scaffold29,30.

In vitro cytotoxicity and cell adhesion behaviour. To assess the cytocompatibility of the WPVA/PEG 
scaffold, we performed in vitro culture of the L929 fibroblast cells on the WPVA/PEG samples and detected their 
cell viability with the CCK-8 assay. During tests, the WPVA/PEG sample should immerse in the DMEM. The cell 
viability of L929 fibroblast cells seeded on various WPVA/PEG samples is shown in Fig. 10. After 1 day, the cells 
seeded on the sample show slightly lower cell viability of approximately 75% due to the new environment the cell 
faces. After 3 days, the cell viability increases to above 80%, indicating that there is no cytotoxic effect on the L929 

Figure 8. SEM micrographs showing the cellular structure of WPVA/PEG scaffolds: (a,d) WPVA/PEG-200 
(95/5); (b,e) WPVA/PEG-200 (90/10); (c,f) WPVA/PEG-200 (80/20); (g,j) WPVA/PEG-6000 (98/2); (h,k) 
WPVA/PEG-6000 (95/5) and (j,l) WPVA/PEG-6000 (90/10).
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fibroblasts, compared with the cells cultured in the medium. The results indicate that the WPVA/PEG samples 
are nontoxic.

WPVA/PEG for soft tissue engineering applied scaffolds should have the ability to support adhesion and pro-
liferation of cells. The cell culture results of the WPVA/PEG-6000 (90/10) sample evaluated by SEM are shown in 
Fig. 11. To illustrate cell growth on the material surface, the morphology of L929 cells after growth for 1 and 3 d 
was studied. SEM images demonstrate that the cells can attach to WPVA/PEG samples and grow very well. The 
L929 cells stretch out and tightly connect to the sample surface. The attached cells appear in the strap-like shape 
instead of the rounded morphology, indicating that the WPVA/PEG provides a favourable surface for cells to 
adhere. At the same time, with the timescale increasing from 1 to 3 days, the number of L929 cells on the WPVA/
PEG sample obviously increases, and the surfaces were almost completely covered with L929 cells after a 3-d 
incubation. These results confirm that WPVA/PEG has good biocompatibility and facilitates cell adherence on it.

In summary, this study fabricated a novel WPVA/PEG scaffold by combining thermal processing and SCF 
technology. First, based on intermolecular interactions of complexation and plasticization, a wide thermoplas-
tic foaming window for the WPVA/PEG blend was obtained. Then, the WPVA/PEG scaffold was successfully 
prepared using scCO2 as the physical blowing agent. WPVA/PEG blend scaffolds with high PEG concentration 
or high-molecular-weight PEG present a unique bimodal (large and small) open-celled structure with inter-
connected networks. This unique cellular structure is beneficial to cell growth and nutrient transport. In addi-
tion, WPVA/PEG has good biocompatibility and facilitates the L929 fibroblast cell attachment on its surfaces. 
Hence, these WPVA/PEG scaffolds with such a bimodal cellular structure may be suitable for tissue engineering 
applications.

Figure 9. The bimodal cellular structure (the white arrows represent small pores for nutrient transport, and 
the yellow arrows represent tubular pores for cell growth) and the cell size distribution of the WPVA/PEG-6000 
(90/10) scaffold.

Figure 10. L929 fibroblast cells viability after 1 d and 3 d seeded on WPVA/PEG-200 (80/20) and WPVA/PEG-
6000 (90/10) samples.
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Methods
Materials. Poly (vinyl alcohol) (PVA) (degree of polymerization is 1750 ± 50, hydrolysis degree is 99%) was 
provided by Sichuan Vinylon Works, SINOPEC (Chongqing, China). Raw PVA flakes were washed with water 
until it reached a pH of 7 to remove the residual impurities, and followed by drying process at 80 °C for about 
2 h. Poly (ethylene glycol) (PEG) of 200 and 6000 g/mol was purchased from Chengdu KeLong Chemical Co. 
Ltd. (Chengdu, China). Carbon dioxide (physical blowing agent, 99.5%) was supplied by Taiyu Gas (Chengdu, 
China). L929 mouse fibroblast cells were obtained from the Internal Medicine Laboratory of HuaXi Medicinal 
Center (Chengdu, China). Dulbecco’s modified Eagle’s medium (DMEM) was purchased from Gibco Life (Grand 
Island, NY). Foetal bovine serum (FBS) was purchased from Hyclone. Deionized water was employed for all 
experiments.

Preparation of WPVA/PEG composite. Quantified water and PEG were mixed to form a PEG aqueous 
solution under gentle mechanical stirring at room temperature. A certain amount of dried PVA was then added 
to the PEG aqueous solution, and the mixture was uniformly blended to let the solution completely swell into 
PVA at ambient temperature in a sealed container. As a result of the small molecular weight and favourable 
interactions with PVA, water will be able to easily diffuse into the PVA matrix, resulted in increased free volume 
and enhanced chain mobility, and also promoting the blending between PVA and PEG. According to our previ-
ous work20, the obtained water-plasticized PVA/PEG (WPVA/PEG) was melt processed through a single screw 
extruder (RM-200C, Harbin Harpro Electrical Technology Co., Ltd., Harbin) at the processing temperature range 
of 150–175 °C and cut into pellets. Then the plasticized prepared PVA/PEG composite pellets were moulded into 
plates (the thickness is 2.0 mm) using a plate vulcanization machine (under 165 °C, 15.0 MPa). Through the dry-
ing method, the water content of the WPVA/PEG samples was 27.5% by weight. Accordingly, the final PEG-200 
(PEG-6000) content varied from 5% to10% and 20% (2%, 5% and 10%). The fabrication process is schematically 
shown in Fig. 12.

Preparation of the WPVA/PEG composite scaffold. According to the foaming method of the plasti-
cized PVA-based composite in our previous work20, the WPVA/PEG composite was the foam matrix and scCO2 
was used as the physical blowing agent. First, the composite plates were saturated with scCO2 at constant tem-
perature and pressure (the syringe pumps were purchased from Teledyne ISCO, Inc., USA) in a stainless-steel 

Figure 11. SEM images of cultured L929 cells on WPVA/PEG-6000 (90/10) samples after 1- (a,b) and 3-day 
(c,d) of incubation.
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autoclave (Beijing Century Senlang Experimental Apparatus Co., Ltd.). After a fixed period of time, the super-
saturated plate was produced when the pressure was removed (pressure-induced phase separation), resulting in 
the nucleation and growth of bubbles. The experiments were performed at the foaming temperature of 120 °C, 
saturation pressure of 15 MPa and depressurization rate of 8.0 MPa/s.

Characterizations of solid WPVA/PEG blends. Thermal tests of various WPVA/PEG blends were performed 
on a differential scanning calorimetric apparatus (DSC, Q20, TA Instruments Co. Ltd., New Castle, USA) in a nitrogen 
atmosphere as described in our previous work20. The DSC tests of the WPVA/PEG blends were conducted from 40 °C 
to 250 °C to remove thermal history and cooled slowly to room temperature at a heating rate of 10 °C min−1 in the first 
cycle, and then the spectra were recorded at a heating rate of 5 °C min−1 in the second cycle, which showed similar 
procedure with our previous work20. The crystalline structure was investigated by a DX-1000 diffractometer (XRD, 
Dandong Fangyuan Instrument Co., Ltd., China). The CuKα generator system was operated at 40 kV and 25 mA, and 
the scanning 2θ ranged from 5° to 60° at a scanning rate of 1°/s. The Fourier transform infrared (FT-IR) spectra were 
obtained from a Nicolet 6700 FT-IR spectrometer (Thermo Nicolet Ltd, Vemon Hills, IL, USA). It should be noted that 
the XRD and FT-IR tests are designed on the basis of our previous work20. The phase morphologies of WPVA/PEG 
blends were investigated by scanning electron microscope (SEM), which was performed on an Inspect F field-emission 
electron microscopy (FEI, Eindhoven, Netherlands). Samples were fractured with liquid nitrogen and their surfaces 
sputtered with gold in a vacuum. Observations were taken at 0.5 Torr and 20 kV.

Cellular structure of WPVA/PEG scaffold. To analyze the foam structure of the scaffolds, the obtained 
WPVA/PEG samples were dipped into liquid nitrogen and fractured, and then the cellular morphology of their 
fractured surfaces was investigated using SEM. Nano Measurer software and Origin were used to measure the 
cells diameters and to count their distribution as described in our previous work20.

Cell culture. Cell culture was conducted according to the method in previous work31, and mouse fibroblast cells 
(L929) were cultured in DMEM supplemented with 10% FBS, 100 U/ml penicillin, and 100 μg/ml streptomycin at 
37 °C and 5% CO2/95% air and kept at approximately 90% relative humidity in culture bottles. The medium was 
renewed every 2 days. Cells in increased logarithmic phase were rinsed with sterilized PBS and then incubated in 
0.25% trypsin for 3 min. Trypsinization was stopped by adding DMEM with 10% foetal bovine serum. Cells were 
centrifuged and resuspended in DMEM with 10% FBS and then diluted to a certain concentration (1 × 106 cells/ml).

Cell adhesion analysis. As described in previous publications32,33, prior to cell culture, WPVA/PEG samples 
were sterilized with gamma radiation using doses of 20 kGy and then immersed in PBS overnight in a 24-well 
plate. Then the liquid was removed from the wells, fibroblast cells were seeded on WPVA/PEG samples and con-
trols (blank wells), incubated at 37 °C/5% CO2 and 100 humidity and fed with DMEM containing 10% FBS and 
2% penicillin/streptomycin. All cell culturing was carried out in a laminar flow hood under sterile conditions. 
Cell viability was assessed using CCK-8, and the optical density (O.D.) was obtained at 490 nm using a microplate 
reader (Model 680, Bio Rad Corp.). The O.D. value of cells cultured on the WPVA/PEG was compared with the 
O.D. value of the control to obtain the cell viability after a 1- or 3-day incubation. Three repeats were carried out 
to acquire an average value for each sample, and a statistical analysis was conducted. Besides, after 1 or 3 d incu-
bation, cell-seeded samples were rinsed with PBS and fixed with 2.5% glutaraldehyde, followed by dehydration 
through a series of ethanol washes and finally observed by SEM.

Figure 12. Schematic illustration of the process for fabricating the WPVA/PEG scaffold.

https://doi.org/10.1038/s41598-019-46061-7


1 1Scientific RepoRts |          (2019) 9:9534  | https://doi.org/10.1038/s41598-019-46061-7

www.nature.com/scientificreportswww.nature.com/scientificreports/

References
 1. Camarero-Espinosa, S., Rothen-Rutishauser, B., Weder, C. & Foster, E. J. Directed cell growth in multi-zonal scaffolds for cartilage 

tissue engineering. Biomaterials 74, 42–52, https://doi.org/10.1016/j.biomaterials.2015.09.033 (2016).
 2. Kuang, T. R. et al. Facile preparation of open-cellular porous poly (L-lactic acid) scaffold by supercritical carbon dioxide foaming. 

for potential tissue engineering applications. Chem. Eng. J. 307, 1017–1025, https://doi.org/10.1016/j.cej.2016.09.023 (2017).
 3. Rasoulianboroujeni, M. et al. Dual Porosity Protein-based Scaffolds with Enhanced Cell Infiltration and Proliferation. Sci Rep 8, 10, 

https://doi.org/10.1038/s41598-018-33245-w (2018).
 4. Okamoto, M. & John, B. Synthetic biopolymer nanocomposites for tissue engineering scaffolds. Prog. Polym. Sci. 38, 1487–1503, 

https://doi.org/10.1016/j.progpolymsci.2013.06.001 (2013).
 5. Li, N. et al. Three-dimensional graphene foam as a biocompatible and conductive scaffold for neural stem cells. Sci Rep 3, 6, https://

doi.org/10.1038/srep01604 (2013).
 6. Nuttelman, C. R., Henry, S. M. & Anseth, K. S. Synthesis and characterization of photocrosslinkable, degradable poly(vinyl alcohol)-

based tissue engineering scaffolds. Biomaterials 23, 3617–3626, https://doi.org/10.1016/S0142-9612(02)00093-5 (2002).
 7. Nuttelman, C. R., Mortisen, D. J., Henry, S. M. & Anseth, K. S. Attachment of fibronectin to poly(vinyl alcohol) hydrogels promotes 

NIH3T3 cell adhesion, proliferation, and migration. Journal of Biomedical Materials Research 57, 217–223 (2001).
 8. Syurik, J. et al. Bio-inspired, large scale, highly-scattering films for nanoparticle-alternative white surfaces. Sci Rep 7, 11, https://doi.

org/10.1038/srep46637 (2017).
 9. Peng, X. F. et al. Preparation of highly porous interconnected poly(lactic acid) scaffolds based on a novel dynamic elongational flow 

procedure. Mater. Des. 101, 285–293, https://doi.org/10.1016/j.matdes.2016.03.156 (2016).
 10. Kuang, T. R. et al. Fabrication of Poly(lactic acid)/Graphene Oxide Foams with Highly Oriented and Elongated Cell Structure via 

Unidirectional Foaming Using Supercritical Carbon Dioxide. Ind. Eng. Chem. Res. 54, 758–768, https://doi.org/10.1021/ie503434q 
(2015).

 11. Ma, Z. L., Zhang, G. C., Yang, Q., Shi, X. T. & Shi, A. H. Fabrication of microcellular polycarbonate foams with unimodal or bimodal 
cell-size distributions using supercritical carbon dioxide as a blowing agent. J. Cell. Plast. 50, 55–79, https://doi.org/10.1177/002195
5x13503849 (2014).

 12. Srithep, Y., Turng, L. S., Sabo, R. & Clemons, C. Nanofibrillated cellulose (NFC) reinforced polyvinyl alcohol (PVOH) 
nanocomposites: properties, solubility of carbon dioxide, and foaming. Cellulose 19, 1209–1223, https://doi.org/10.1007/s10570-
012-9726-0 (2012).

 13. Zhao, N. et al. Foaming Poly(vinyl alcohol)/Microfibrillated Cellulose Composites with CO2 and Water as Co-blowing Agents. Ind. 
Eng. Chem. Res. 53, 11962–11972, https://doi.org/10.1021/ie502018v (2014).

 14. Zhao, N., Zhu, C. W., Mark, L. H., Park, C. B. & Li, Q. Batch foaming poly(vinyl alcohol)/microfibrillated cellulose composites with 
CO2 and water as co-blowing agents. J. Appl. Polym. Sci. 132, 10, https://doi.org/10.1002/app.42551 (2015).

 15. Chen, N., Li, L. & Wang, Q. New technology for thermal processing of poly(vinyl alcohol). Plast. Rubber Compos. 36, 283–290, 
https://doi.org/10.1179/174328907x237575 (2007).

 16. Chen, G., Chen, N., Li, L., Wang, Q. & Duan, W. F. Ionic Liquid Modified Poly(vinyl alcohol) with Improved Thermal Processability 
and Excellent Electrical Conductivity. Ind. Eng. Chem. Res. 57, 5472–5481, https://doi.org/10.1021/acs.iecr.8b00157 (2018).

 17. Wang, B., Wang, Q. & Li, L. Morphology and properties of highly talc- and CaCO3-filled poly(vinyl alcohol) composites prepared by 
melt processing. J. Appl. Polym. Sci. 130, 3050–3057, https://doi.org/10.1002/app.39557 (2013).

 18. Liu, P. J., Chen, W. H., Jia, Y. B. & Bai, S. B. A novel method to prepare microcellular poly(vinyl alcohol) foam based on thermal 
processing and supercritical fluid. Polym. Adv. Technol. 28, 285–292, https://doi.org/10.1002/pat.3885 (2017).

 19. Liu, P., Chen, W., Bai, S., Wang, Q. & Duan, W. Facile preparation of poly(vinyl alcohol)/graphene oxide nanocomposites and their 
foaming behavior in supercritical carbon dioxide. Composites Part A: Applied Science and Manufacturing 107, 675–684, https://doi.
org/10.1016/j.compositesa.2018.01.032 (2018).

 20. Liu, P., Chen, W., Jia, Y., Bai, S. & Wang, Q. Fabrication of poly (vinyl alcohol)/graphene nanocomposite foam based on solid state 
shearing milling and supercritical fluid technology. Materials & Design 134, 121–131, https://doi.org/10.1016/j.matdes.2017.08.045 
(2017).

 21. Lin, H. & Freeman, B. D. Gas solubility, diffusivity and permeability in poly(ethylene oxide). J. Membr. Sci. 239, 105–117, https://doi.
org/10.1016/j.memsci.2003.08.031 (2004).

 22. Ghosal, K., Freeman, B. D., Daly, W. H., Negulescu, I. I. & Chern, R. T. Effect of Basic Substituents on Gas Sorption and Permeation 
in Polysulfone. Macromolecules 29, 4360–4369 (1996).

 23. Taki, K., Nitta, K., Kihara, S. I. & Ohshima, M. CO2 foaming of poly(ethylene glycol)/polystyrene blends: Relationship of the blend 
morphology, CO2 mass transfer, and cellular structure. J. Appl. Polym. Sci. 97, 1899–1906 (2010).

 24. Assender, H. E. & Windle, A. H. Crystallinity in poly(vinyl alcohol). 1. An X-ray diffraction study of atactic PVOH. Polymer 39, 
4295–4302 (1998).

 25. Assender, H. E. & Windle, A. H. Crystallinity in poly(vinyl alcohol) 2. Computer modelling of crystal structure over a range of 
tacticities. Polymer 39, 4303–4312 (1998).

 26. Chen, G., Chen, N. & Wang, Q. Preparation of poly (vinyl alcohol)/ionic liquid composites with improved processability and 
electrical conductivity for fused deposition modeling. Mater. Des. 157, 273–283, https://doi.org/10.1016/j.matdes.2018.07.054 
(2018).

 27. Mansur, H. S., Sadahira, C. M., Souza, A. N. & Mansur, A. A. P. FTIR spectroscopy characterization of poly (vinyl alcohol) hydrogel 
with different hydrolysis degree and chemically crosslinked with glutaraldehyde. Materials Science & Engineering C 28, 539–548 
(2008).

 28. Liao, J. F., Qu, Y., Chu, B. Y., Zhang, X. N. & Qian, Z. Y. Biodegradable CSMA/PECA/Graphene Porous Hybrid Scaffold for Cartilage 
Tissue Engineering. Sci Rep 5, 16, https://doi.org/10.1038/srep09879 (2015).

 29. Dagalakis, N., Flink, J., Stasikelis, P., Burke, J. F. & Yannas, I. V. Design of an artificial skin .3. control of pore structure. J. Biomed. 
Mater. Res. 14, 511–528, https://doi.org/10.1002/jbm.820140417 (1980).

 30. Liang, R. C. et al. Macrophage Polarization in Response to Varying Pore Sizes of 3D Polyurethane Scaffolds. J. Biomed. Nanotechnol. 
14, 1744–1760, https://doi.org/10.1166/jbn.2018.2629 (2018).

 31. Xia, J. et al. Fabrication and characterization of waterborne biodegradable polyurethanes 3-dimensional porous scaffolds for 
vascular tissue engineering. Journal of Biomaterials Science Polymer Edition 21, 16 (2010).

 32. Hao, H. Y. et al. Synthesis of biodegradable waterborne phosphatidylcholine polyurethanes for soft tissue engineering applications. 
Regen. Biomater. 4, 69–79, https://doi.org/10.1093/rb/rbw046 (2017).

 33. Hao, H. et al. Synthesis and characterization of biodegradable lysine-based waterborne polyurethane for soft tissue engineering 
applications. Biomaterials Science 4, 1682 (2016).

Acknowledgements
The authors thank Hongye Hao, Zhicheng Pan and Hong Tan for their assistant with experimental design 
including cell culture and cell adhesion tests. This study was supported by the National Natural Science 
Foundation of China (51720105012, 51573117, 51433006).

https://doi.org/10.1038/s41598-019-46061-7
https://doi.org/10.1016/j.biomaterials.2015.09.033
https://doi.org/10.1016/j.cej.2016.09.023
https://doi.org/10.1038/s41598-018-33245-w
https://doi.org/10.1016/j.progpolymsci.2013.06.001
https://doi.org/10.1038/srep01604
https://doi.org/10.1038/srep01604
https://doi.org/10.1016/S0142-9612(02)00093-5
https://doi.org/10.1038/srep46637
https://doi.org/10.1038/srep46637
https://doi.org/10.1016/j.matdes.2016.03.156
https://doi.org/10.1021/ie503434q
https://doi.org/10.1177/0021955x13503849
https://doi.org/10.1177/0021955x13503849
https://doi.org/10.1007/s10570-012-9726-0
https://doi.org/10.1007/s10570-012-9726-0
https://doi.org/10.1021/ie502018v
https://doi.org/10.1002/app.42551
https://doi.org/10.1179/174328907x237575
https://doi.org/10.1021/acs.iecr.8b00157
https://doi.org/10.1002/app.39557
https://doi.org/10.1002/pat.3885
https://doi.org/10.1016/j.compositesa.2018.01.032
https://doi.org/10.1016/j.compositesa.2018.01.032
https://doi.org/10.1016/j.matdes.2017.08.045
https://doi.org/10.1016/j.memsci.2003.08.031
https://doi.org/10.1016/j.memsci.2003.08.031
https://doi.org/10.1016/j.matdes.2018.07.054
https://doi.org/10.1038/srep09879
https://doi.org/10.1002/jbm.820140417
https://doi.org/10.1166/jbn.2018.2629
https://doi.org/10.1093/rb/rbw046


1 2Scientific RepoRts |          (2019) 9:9534  | https://doi.org/10.1038/s41598-019-46061-7

www.nature.com/scientificreportswww.nature.com/scientificreports/

Author Contributions
P.L., W.H.C. and P.J.L. designed the research, carried out the experiments, and analyzed the results. C.H.L. 
analyzed and discussed the results. P.J.L. and M.T. obtained funding for the project, designed the research and 
discussed the results. The paper was co-written by P.L., W.H.C. and P.J.L. and all authors provided feedback.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-46061-7
http://creativecommons.org/licenses/by/4.0/

	A novel poly (vinyl alcohol)/poly (ethylene glycol) scaffold for tissue engineering with a unique bimodal open-celled struc ...
	Results
	Thermal performance of WPVA/PEG composites. 
	Intermolecular interactions of plasticized PVA/PEG composites. 
	Phase morphology of PVA/PEG composites. 
	Cell morphologies of PVA/PEG composite scaffold. 
	In vitro cytotoxicity and cell adhesion behaviour. 

	Methods
	Materials. 
	Preparation of WPVA/PEG composite. 
	Preparation of the WPVA/PEG composite scaffold. 
	Characterizations of solid WPVA/PEG blends. 
	Cellular structure of WPVA/PEG scaffold. 
	Cell culture. 
	Cell adhesion analysis. 

	Acknowledgements
	Figure 1 DSC curves of PVA, WPVA and WPVA/PEG-200 composites: (a) heating curves and (b) cooling curves.
	Figure 2 Glass transition temperatures of PVA and WPVA/PEG-200 composites.
	Figure 3 XRD patterns of neat PVA and WPVA/PEG composites with various PEG-200 content.
	Figure 4 FTIR spectra of PVA and WPVA/PEG composites with various PEG-200 content.
	Figure 5 Scheme of hydrogen bonding in (a) WPVA and (b) WPVA/PEG.
	Figure 6 Micrographs of solid WPVA/PEG-200 blends: (a,d) WPVA/PEG (95/5) (b,e) WPVA/PEG (90/10) and (c,f) WPVA/PEG (80/20).
	Figure 7 Micrographs of solid WPVA/PEG-6000 blends: (a,d) WPVA/PEG (98/2) (b,e) WPVA/PEG (95/5) and (c,f) WPVA/PEG (90/10).
	Figure 8 SEM micrographs showing the cellular structure of WPVA/PEG scaffolds: (a,d) WPVA/PEG-200 (95/5) (b,e) WPVA/PEG-200 (90/10) (c,f) WPVA/PEG-200 (80/20) (g,j) WPVA/PEG-6000 (98/2) (h,k) WPVA/PEG-6000 (95/5) and (j,l) WPVA/PEG-6000 (90/10).
	Figure 9 The bimodal cellular structure (the white arrows represent small pores for nutrient transport, and the yellow arrows represent tubular pores for cell growth) and the cell size distribution of the WPVA/PEG-6000 (90/10) scaffold.
	Figure 10 L929 fibroblast cells viability after 1 d and 3 d seeded on WPVA/PEG-200 (80/20) and WPVA/PEG-6000 (90/10) samples.
	Figure 11 SEM images of cultured L929 cells on WPVA/PEG-6000 (90/10) samples after 1- (a,b) and 3-day (c,d) of incubation.
	Figure 12 Schematic illustration of the process for fabricating the WPVA/PEG scaffold.
	Table 1 Related data concluded from the DSC curves of PVA, WPVA and WPVA/PEG composites with various PEG-200 contents.




