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The development of three-dimensional matrices for microbial cultures is a promising strategy by 
mimic the natural environments of cells and promoting adhesion, growth and cellular proliferation. In 
the current study, polyvinyl alcohol (PVA) foams were produced by the combination of gas foaming 
and freeze-drying for applied as microorganism 3D matrix. The spectra FTIR indicated consume of 
hydroxyl groups that evidences the crosslinking reaction and promoted increases in thermal stability. 
Morphological analysis by SEM revealed an interconnected porous structure in the PVA foams. Besides, 
the crosslinking reaction did not affect pore size and morphology. Meanwhile, cross-linked PVA foam 
(G-PVAFL) exhibited an increase of compressive modulus and compressive strength. The swelling ratio 
reached 85% and degradation kinetics of G-PVAFL showed a suitable profile to support microorganism 
in the biofilm formation. Escherichia coli (Gram-negative bacteria), Staphylococcus aureus (Gram-
positive bacteria) and Candida albicans (yeast) were efficiently immobilized in G-PVAFL. In addition, 
cells morphology were preserved for all species investigated. Besides, Sugar Fermentation Test with 
Escherichia coli immobilized indicates the preservation of proliferative and metabolic activity. These 
results indicate that G-PVAFL is suitable as a matrix for 3D microbiological culture.
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1. Introduction
Traditional strategies of microorganism growth have 

allowed drugs development and several applications in 
health, agriculture, industry and environment1. Microbial 
diversity represents an important source for the improvement 
of biology and biotechnology. Microorganism’s growth on 
plane surfaces has advantages over growth in the liquid 
medium, like isolation and identification facility, study of 
different types of cells in vitro, drug screening and among 
others2. Although this model contributes to several advances 
in biological studies, it has limitations because cannot 
accurately simulate the rich environment and complex 
processes observed in vivo3.

In that perspective, three-dimensional matrices for the 
microorganism’s growth can be an interesting approach. 
Despite the concept has been more explored for mammalian 
cell culture, some research has been published exploring the 
3D bacterial culture4-6. Several methods have been used to 
develop 3D mammalian culture, as multicellular spheroids, 
organoids, organs-on-chips, 3D bioprinting and scaffolds, 
each with its advantages and disadvantages3,7.

Three-dimensional matrices for microorganism promote 
proliferation, increase biomass and metabolic activity8,9 and 
mimic environmental conditions. Besides increase tolerance 
to inhibitors, temperature and pH variation; reduce production 
costs, as the same matrix can be used countless times without 

significant loss of microbial activity10,11. 3D culture offers a 
structure that mimics cell behavior and organization in vivo, 
besides, ensures cell-cell communication and facilitates the 
control of cell growth monitoring12. Industrial application of 
3D matrices incorporated with microorganisms includes in 
wastewater bioremediation13,14 beer fermentation15, vinegar 
production16 and soil fertilization17.

Other hand, microorganism’s growth in 3D structures, that 
mimicking environmental conditions can develop biofilms, 
an aggregate of bacteria held together by a polysaccharide 
extracellular matrix18. Biofilms are advantageous to 
microorganism because they provide a nutrient-rich environment 
that facilitates growth and confer resistance to chemical 
agents like antibiotics. Therefore, in addition to industrial 
applications, the use of 3D matrices for microorganism’s 
growth can also be a to study antimicrobial resistance5.

For a successful cell immobilization and proliferation, 
the pre-requisites of 3D matrices include the following: (i) 
three-dimensional interconnected porous structure to permit 
cell adhesion, growth, migration and efficient delivery of 
nutrients and oxygen to the cells; (ii) mechanical strength 
to provide support to the cells and maintain the three-
dimensional structure and (iii) controllable biodegradation. 
The cultivation of multiple layers of 3D cells is possible by 
the development of porous and non-toxic matrices that provide 
good resistance, adhesion and greater contact surface19. 
Collagen20, polyurethane sponge21, poloxamer hydrogel22, *e-mail: daniellemarra@cefetmg.br
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porcine extracellular matrix23, polycarbonate membrane24, 
cellulose25, cellulose matrices on top of hydrogel26, hyaluronic 
acid and collagen scaffold27 has been used as 3D matrices 
to grow microorganism.

Among the various biocompatible polymers used poly 
vinyl alcohol (PVA) present interesting features. PVA has 
been widely used to produce foam matrices for 3D cell culture 
and tissue regeneration due to combination biocompatibility, 
non-toxicity, easy to process and relative cheapness28. 
PVA foams provide excellent mechanical and pH stability, 
flexibility and the semi permeability allow transport of 
oxygen and nutrients that are necessary for cell survival 
as well as for the removal of wastes secreted by the cells29. 
Several techniques have been developed for the fabrication 
of PVA matrices that are able of providing an environment 
with interconnected pores for cell adhesion and proliferation. 
Conventional techniques including chemical gas foaming, 
solvent casting/particulate leaching and freeze-drying have 
been used to develop PVA matrices that can meet to 3D 
cell culture requirements. The method chemical foaming 
produces porous structures with pore size from 30 to 700 μm 
and porosity up to 85%. However, it is difficult to ensure 
pore connectivity and control of the pore sizes space29,30. 
The matrix produced by solvent casting/particulate leaching 
has a high porosity from 50% to 90%, low cost and uses 
small amounts of polymer. However, the pore shape of foam 
produced by this method does not have controllable space. 
The freeze-drying method allows regulating the pore size 
by varying the freezing temperature and avoiding the use 
of toxic solvent. Nevertheless, the freeze-drying process 
should be controlled to prevent heterogeneity of the produced 
matrix29,30,31.

In addition, to improve mechanical properties and 
control the biodegradation rate in PVA foam, an important 
step in the processing of the material is crosslinking. This 
process increases the mechanical properties of the polymer; 
otherwise, the material does not have dimensional stability 
in the presence of water, which is necessary for its proper 
functioning. Glutaraldehyde has been the agent chosen for 
the formation of the cross-links, due to the ease of reacting 
with PVA chains, furthermore, it is known that this substance 
can be linked non-specifically to the biomolecules as the 
proteins and can be used to bind the PVA to these substances32.

The in vitro degradation behavior of a scaffold plays 
an important role in the success of 3D microorganism 
cell culture7,12,19,33. During the formation, deposition and 
organization of the microorganism cells, the scaffold must 
degrade while maintain a minimum mechanical resistance to 
support the new biofilm formation. The degradation process 
may involve several mechanisms that are related to the type 
and chemical composition of the material. For polymeric 
foam scaffolds, the main mechanisms of in vitro degradation 
involve dissolution or solvation in water, erosion, enzymatic 
cleavage, or hydrolytic chains in smaller molecules, among 
others33,34. The degradation affects the physical-chemical, 
morphological and mechanical properties of the scaffolds, 
therefore it is crucial to study the alterations in such properties, 
during the degradation process, to control the performance 
of the scaffold33.

In the present work, we have prepared cross-linked 
PVA foams and investigated the potential as 3D matrix for 
microorganism culture. The PVA foams were produced by a 
combination of conventional scaffold fabrication techniques 
gas foaming and freeze-drying. The material properties were 
evaluated by morphological, physicochemical, thermal and 
mechanical analysis. In vitro swelling and degradation tests 
were performed in order to evaluate the foam stability in 
microorganism cell culture conditions. Finally, the cross-linked 
PVA foams produced were used for the immobilization of 
Escherichia coli (Gram-negative bacteria), Staphylococcus 
aureus (Gram-positive bacteria) and Candida albicans (yeast) 
cells and the cell attachment and viability were evaluated.

2. Experimental

2.1 Materials
Polyvinyl alcohol (PVA, Mw ~ 145 000, hydrolysis 

rate >99%), glutaraldehyde (Mw = 100.12) and osmium 
tetroxide were purchased from Sigma-Aldrich. Calcium 
carbonate (CC), hydrochloric acid and sodium hydroxide 
were purchased from VETEC. Acetone was purchased 
from Anidrol. Mueller-Hinton agar and nutrient broth were 
purchased from Kasvi, (Italia). All chemical compounds 
were used as received.

2.2 Preparation of PVA foams
PVA foams were produced by the combination of 

chemical gas foaming with 33% m/m of PVA/foaming agent 
followed by freeze-drying methods and it cross-linked with 
1% of glutaraldehyde. Sample preparation was performed 
followed the studies conducted by Bai et al.18. PVA foam 
was prepared as it follows: PVA (15% m/v) was added to 
distilled water containing calcium carbonate (PVA/CC 2:1) 
by a mechanical stirrer in a boiling water bath at temperatures 
of 80 ± 5 °C, for 2 h. After the complete solubilization, 
the mixture was cooled to room temperature, hydrochloric 
acid (5 M) was gently added and the mixture was stirred 
vigorously to produce gas bubbles. Thereafter, the PVA 
foam was frozen at -18 °C. The final PVA/GA molar ratio 
was 0.07. After 48 hours the foam was thawed at room 
temperature, submerged in NaOH (1 M) containing 1.0% of 
glutaraldehyde and stirred gently at 35 °C for 2 h. After the 
cross-linking step, the samples were washed with distilled 
water until they reach pH 7. The samples were washed in 
distilled water to remove non-leached salt. Finally, in the 
last step, the samples were placed on a polypropylene becker 
(10 mL), frozen in liquid nitrogen and freeze-dried (Terroni 
TL-600). This sample was named G-PVAFL. The sample 
PVAFL was obtained by a similar procedure described, 
without crosslinking with the glutaraldehyde.

2.3 Physicochemical characterization of PVA 
foams

The PVA foams were evaluated by Fourier Transform 
Infrared Spectroscopy (FTIR) Shimadzu, model IRPrestige-21, 
in the range between 4000 and 400 cm-1. Thermal analysis 
of the foams was done by differential scanning calorimetry 
(DSC) using a DSC Q2000 instrument (TA Instruments), in 
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N2 atmosphere of 50 mL/min. The heating scan was done 
from 30 to 300 ºC at 10 ºC/min. The melting enthalpy (∆Hm) 
obtained from the melting peak area was used to estimate 
the crystallinity (Xc) of the samples using the following 
Equation 1:

/ *Xc Hm H= ∆ ∆  (1)

Where ∆H* is the melting enthalpy for 100% crystalline PVA35.
The morphological characterization of the PVA foams 

was investigated by scanning electron microscopy (SEM) 
using Shimadzu model SSX-500 equipment. The PVA foam 
samples were frozen in liquid nitrogen and fractured using 
a scalpel. Then, samples were sputter-coated with gold to a 
thickness of 200–500 Å and positioned on a metal stub for 
observation under SEM. Compressive testing was conducted 
by ASTM standards D695-02. The test was conducted on three 
samples of PVA foams cylindrical specimens with 12 mm 
diameter and 24 mm height. Testing was performed using the 
universal testing machine Shimadzu AG-X in compression 
mode at a speed of 10 mm/ min and the specimens were 
compressed to 50% strain, with 10 kN loading. The normal 
force was recorded and used to calculate the compressive 
modulus for each sample. The initial diameter and area of 
each sample were measured and recorded before testing. 
The compressive modulus was calculated as the slope of 
the initial linear portion of the stress-strain curve.

The swelling kinetics was estimated at room temperature 
with a gravimetric measurement as previously described 
by36. The initial dry mass (d) of the foams was measured 
and then was placed in distilled water. The wet weight (w) 
was measured for 18 minutes, every 2 minutes and then 
it was carried out again after 24 hours. The experiment 
was performed in triplicate. The swelling percentage was 
calculated with the following Equation 2:

( )% – / %SR w d d 100 × =   (2)

The in vitro degradation tests were performed according 
to the methodology described by Courtney et al.7. The samples 
were soaked in 3 mL of PBS (phosphate saline buffer) at 
37 °C. The weights of the PVA foams were measured after 
1, 3, 7, 14, 21 and 30 days. PVA foam degradation was 
evaluated in terms of weight loss, morphological variations 
and mechanical properties concerning the immersion time. 
The measured mass for the sample none degraded (Msi) and 
for the samples incubated in different time intervals (Msf) 
were used to compute the mass variation according to the 
Equation 3:

%si sf

si

M M
M 100

M
−

∆ = ×  (3)

2.4 Microorganisms assays
The cross-linked PVA foams were subjected to different 

gamma-irradiation doses (2, 10, 15 and 20 KGy). To verify 
the sterility of such doses, the direct inoculation test of PVA 
foam in Mueller-Hinton agar plates was performed. Samples 
were analyzed for microorganism growth at 24, 48 and 72 h 
after the incubation.

The strains of clinical relevance were grown in nutrient 
broth. Escherichia coli (ATCC 25922), Staphylococcus 
aureus (ATCC 6538) were used as gram-negative and 
gram-positive bacteria models, respectively in broth at pH 
7. Candida albicans (ATCC 10239) was grown at pH 5 and 
used as a yeast model. The cells were harvested at the end of 
the exponential growth phase. Ten µL of inoculum were into 
nutrient agar and incubated at 37 °C and 28 °C for 24 h, for 
bacterial and yeast, respectively. Three single colonies were 
randomly selected and inoculated into 10 mL of nutrient broth. 
Subsequently, 1 mL of microbial inoculum was transferred 
to a conical flask containing 3 x 3 mm sterilized cross-linked 
PVA foam and stirred.

After 15 min and/or 18 h of incubation, came up, then 
the foams were carefully removed and submitted to the fixing 
process. The foams were rinsed with PBS and fixed overnight 
in 1% osmium tetroxide, then it was dehydrated by sequential 
immersions in increasing concentrations of acetone (50%, 
70%, 80% and 90%, w/v) and twice in anhydrous acetone 
and finally dried. The samples were bathed in liquid nitrogen 
and subsequently cut with a sterile scalpel, coated with gold 
and examined by SEM.

A Sugar fermentation test was carried out to verify the 
maintenance of biochemical activity of the microorganisms 
immobilized in cross-linked PVA foams. The indicator sugar 
of the broth was prepared using nutrient broth containing 
fermentable sugar (lactose, 20g/L). About ten milliliters 
of sugar broth was poured into each of the Durham tubes. 
Sterilized foams were incubated for 15 minutes in nutrient broth 
containing approximately 2 x 108 E. coli cells (0.5 McFarland 
scale) at 28 °C. After the foams were carefully removed, 
washed with PBS and transferred to tubes containing lactose 
supplemented nutrient broth. Next incubation for 18 h at 
28 °C, the presence of bacteria was analyzed by turbidity of 
the broth and gas production was indicated by displacement 
of the medium in the Durham tubes38.

2.5 Statistical analysis
All the experiments were performed in triplicate. 

The graphics were made using the GraphPad Prism software 
(Version 5.0®, San Diego, USA). Results are expressed as 
the mean ± standard error (SEM). T-student test was applied 
to assess the statistical significance of differences; statistic 
confidence was 95% (p < 0.05). The average diameter of 
200 porous and the diameter distribution in the PVA foams 
was measured using IMAGE J software.

3. Results and Discussion

3.1. Physicochemical characterization of PVA foams
In order to evaluate the efficacy of the cross-linking 

reaction (Figure 1a), FTIR spectra was obtained. Figure 1b 
shows the spectra of PVAFL and G-PVAFL. The foams 
exhibit all major peaks related to hydroxyl and alkyl groups.

The spectra of the PVAFL and G-PVAFL exhibited 
characteristic absorption peaks at 1146 cm–1, 1190 cm–1 and 
842 cm–1 which can be attributed to stretching vibration of 
C–O from the C–O–C and the stretching of C–O from the 
C–O–H bridge of PVA molecule. For the G-PVAFL foam, it 
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is possible to observe the reduction of the relative intensity 
of the C-O bands related to the alcohol groups. Such results 
evidence that the cross-linking reaction took place consuming 
hydroxyl groups. In addition, the peak at 1650 cm-1 attributed 
to C=C was observed in the G-PVAFL sample, indicating 
some degradation of the polymer in the reaction conditions17. 
The glutaraldehyde molecule exhibits characteristic bands at 
2850-2750 cm−1 and 1720-1740 cm−1 related to C–H and C=O 
stretching, respectively. According to the spectra obtained 
for the G-PVAFL sample, these peaks are absent indicating 
complete reaction of the glutaraldehyde with the OH groups 
from PVA during the cross-linked network formation17,39.

DSC thermograms were used to determine glass transition 
temperature (Tg) and melting temperature (Tm) of the PVAFL 
and G-PVAFL samples (Figure 1c).

PVAFL and G-PVAFL foams yielded a Tg of 61°C and 
93°C, respectively. An increase in melting temperature 
was also observed for G-PVAFL samples (Tm = 230°C) 
compared to PVAFL samples (Tm = 178°C). These results 
are indicators that the samples were cross-linked leading to 
Tg and Tm increasing due to reduced mobility of the polymer 
chains. Similar results were obtained in previous works17,40.

The melting enthalpy obtained for PVAFL and G-PVAFL 
were 21.5 J/g and 69.9 J/g, respectively, which are in agreement 
with previous works that produced PVA scaffolds 41,42,43. 
The degree of crystallinity, obtained by Equation 1, was 
15.5% and 50.4% for PVAFL and G-PVAFL, respectively. 
The enhancement of crystallization due to crosslinking was 
shown in previous work for PVA with high molecular weight 
(88,000 – 114,000 g/mol)44. According to Ma et al.4 this 
behavior can be attributed to the self-nucleation effect related 
to the crosslinking sites in the PVA molecules, which is more 
significant for higher molecular weight polymer.

The SEM images (Figure 2) exhibit the PVAFL and 
G-PVAFL morphology. The images reveal that both foams 
have shown similar morphology. The samples exhibited 
an irregular porous structure, with an average diameter of 
208 ± 176 μm and 277 ± 205 μm for PVAFL and G-PVAFL, 
respectively. The evidence of porous interconnectivity could 

be observed for both samples. The histogram obtained for 
the samples (Figure 2c and 2d) shows a broad porous size 
distribution with size ranged from 22 to 937 μm and 35 to 
977 μm for PVAFL and G-PVAFL, respectively.

In addition, the distribution size analysis reveals that 90% 
of pores in the foams had a diameter smaller than 460 μm. 
The pores with the lower average size can be associated with 
the freeze-drying process. Although, the larger porous were 
produced the CO2 bubbles released by the chemical reaction 
between the calcium carbonate and hydrochloric acid during 
the gas foaming process. Dattola et al.6 showed similar results 
with PVA foam fabricated by a combination of gas foaming 
and freeze-drying method. Therefore, the results indicate that 
crosslinking reaction with glutaraldehyde did not affect pore 
size distribution and pore morphology. These findings are 
in agreement with previous work, which showed the macro 
porous network was comparable between PVA foams with 
or without crosslinking with glutaraldehyde45.

The foam morphology exhibited by the samples is 
adequate for the microorganism’s adhesion and proliferation. 
For a successful biocolonization, it is crucial that the isolated 
cells adhere in the foam surface and access the foam interior 
through the interconnected pores. In addition, the highly 
interconnected pores permit that nutrients and oxygen are 
delivered to cells located in the foam interior.

The influence of crosslinking on the mechanical 
properties of PVA was investigated by a compression test 
(Figure 3a). The non-crosslinking PVA foams (PVAFL) had 
poor mechanical properties with compressive modulus and 
compressive strength of 3.0 ± 0.2 KPa and 1.5 ± 0.1 KPa, 
respectively. These results are in agreement with Ye et al.6 that 
investigated the mechanical properties of PVA foam obtaining 
compressive modulus values ranging from 2.0 to 11.0 KPa. 
As expected, crosslinking significantly improved the 
mechanical strength of the PVA foam resulting in an increase 
in compressive modulus (690 ± 5 KPa) and compressive 
strength (345 ± 5 KPa). Crosslinking creates anchor points 
between the PVA chains, which reduces the mobility of 
PVA units increasing stiffness and mechanical strength47,48. 

Figure 1. a. Cross-linking reaction with glutaraldehyde; b. FTIR spectra of PVAFL and G-PVAFL; c. DSC curves of PVAFL and G-PVAFL.
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G-PVAFL exhibited compressive modulus and strength values 
are lower than the values obtained for PVA cross-linked with 
glutaraldehyde in the previous work49. This behavior can be 
attributed to the presence of porous in the scaffold structure. 
According to Fan et al.50 mechanical properties are reduced 
appreciably by the introduction of porosity. Several previous 
published studies showed a decrease in mechanical properties 
due to the enhancement of porosity46,51-54.

The results obtained in the physicochemical characterization 
assays of PVA foams were showed in Table 1.

After the crosslink reaction, there is a decrease in the 
intensity of the main FTIR peaks and an increase in Tg, Tm, 
compressive strength and compressive modulus. Nevertheless, 
there is not a significant changed in average pore diameter. 
Besides, the PVAFL showed poor stability and low mechanical 
stability in aqueous medium, which promotes damage in the 
integrity of the foam during the manipulation for swelling 
and degradation studies. Due to this behavior, the following 
experiments were performed only with cross-linked PVA 
foam. The water uptake was determined for G-PVAFL in 

Figure 2. SEM images of PVAFL (a) and G-PVAFL foams (b) and size distribution of PVAFL (c) and G-PVAFL (d).

Figure 3. a. Stress-strain compression curves obtained for PVAFL 
and G-PVAFL; b-d. Macroscopic view in dry (b) and after 24 hours 
of water uptake (c) conditions of G-PVAFL. (d) Swelling rate of 
G-PVAFL.

Table 1. Physicochemical characterization of PVA foams.

PVAFL G-PVAFL
FTIR Peaks (cm-1) 1146, 1090, 842 1146, 1090, 842*

Tg (°C) 61 93
Tm (°C) 178 230

Average Pore diameter (μm) 208 ± 176 277 ± 205
Compressive strength (KPa) 1.5 ± 0.1 345 ± 5
Compressive modulus (KPa) 3.0 ± 0.2 690 ± 5
* Reduction of the relative intensity compered to PVAFL.
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vitro in a period of 20 minutes and 24 hours. The water 
absorption study is shown in Figure 3b-d.

The G-PVAFL foam absorbed an amount of water 
8 times greater, in 24 hours, compared to the dry weight 
maintaining the three-dimensional structure, as showed in 
Figure 3b and 3c. The foam swelled up to 75% of its original 
weight in 2 min, and reached the equilibrium in 4 min with 
80% weight increased. As shown in Figure 3d, the water 
uptake in PVA foams rapidly increased and established an 
equilibrium after 4 minutes, keeping approximately the 
same weight until 18 minutes. After 24 hours, the weight 
increase reached 85%, with no appreciable changes in the 
foam structure. This swelling rate is low weather compared to 
the expected index for non-cross-linked PVA. However, the 
low degree of swelling obtained for GPVAFL is in agreement 
with previous studies. Morandim-Giannetti et al.5, showed 
that the addition of glutaraldehyde as crosslinking agent 
promoted a decrease of polymer water uptake. The crosslink 
density affects the swelling ratio due to the hydroxyls 
group consume of the PVA molecule. The glutaraldehyde 
molecule reacts with hydroxyl groups to form acetals, which 
produce a polymer less capable of hydrogen bonding with 
water molecules. In addition, the cross-linked polymer has 
smaller intermolecular spaces, which difficult the water 
molecule absorption.

The G-PVAFL degradation in similar conditions to the 
microorganism’s cell culture was evaluated by measurements 
of weight loss, compressive modulus and SEM microscopy 
during 30 days. Figure 4a shows the weight loss of G-PVAFL 
during the in vitro degradation test. The weight loss was 
not significant until the 3rd day (4%). On the 7th day, an 
expressive weight loss could be observed (13%). The weight 
loss increased gradually reaching 57% at the 30 day.

The compressive modulus was examined during the 
degradation test (Figure 4b). Initially, G-PVAFL showed 
a compressive modulus of 690 ± 5 KPa. The compressive 
modulus decrease gradually, reaching 280 ± 4 KPa on the 7th 
day, i.e., a reduction of 60% compared to the initial value. 
After the 14th day, the foam exhibited a progressive increase, 
which can be attributed to the pore closure process, as showed 
in the SEM image (Figure 4c-h). Finally, after 30 days of 
incubation, the foam sample exhibited another drop-off to 
287 ± 2 kPa, which can be attributed to polymer degradation.

SEM was used to examine the foam morphology during 
degradation (Figure 4c-h). Figures 4c and 4d reveal that after 
three days the sample maintained the surface morphology 
observed for the sample not submitted to the degradation 
test. The porous interconnectivity was not affected and the 
porous maintained the morphology. After 7 days, it was 
possible to observe small changes in the porous size range. 
The diameter range obtained for this sample was 111-1676 μm. 
However, the surface of the G-PVAFL sample maintained 
an appreciable amount of porous interconnected. On the 
14th day, it was possible to observe a significant decrease 
in porous. After 21 days, the porous disappear and the foam 
surface exhibits cracks as a result of the shrunken pores. 
Finally, at 30 days, the foam presented a rough surface, 
with some cracks.

Several mechanisms can be involved in the in vitro 
degradation of polymeric scaffolds as dissolution solvation 

in the aqueous, erosion, hydrolytic cleavage, among others34. 
Previous work has shown that the degradation of cross-
linked PVA can be described as a combination of solvation 
and degradation/bulk erosion45. A similar degradation 
mechanism is proposed for the G-PVAFL foam occurring 
in three main stages.

The first stage (from day 1 until day 7) exhibited 
progressively mass and compressive modulus decrease. 
No significant changes could be observed in the porosity 
and pore morphology until the 7th day. This stage can be 
described as swelling and solvation of the polymer55. The next 
stage (between 14 and 21 days) presents significant changes 
in the polymer morphology with a reduction of porosity 
expressive mass loss and an increase of polymer compressive 
modulus. These findings can be associated with swelling or 
solvation of the polymer. The aqueous media diffuses into 
the foam which turns into a gradually swollen structure with 
closed porous. In this stage, it is expected that the effect of 
PVA as a water-soluble hydrophilic polymer will be most 
predominant. The increase in the compressive modulus 
value can be attributed to the porous closure34,45. In the last 
stage, day 30, hydrolytic reactions may occur, producing 
some polymer fragments and small molecules, which may 
diffuse outwards, increasing the mass loss. At this point, 
relevant erosion may dominate conducing to a considerable 
reduction of the mass and compressive modulus.

One important function of the 3D matrices is the 
appropriate degradation properties, which have to fit the rate 
of biofilm formation that would need around 14 days to be 
completed. According to Ning et al.5 the mature biofilm is 
obtained between 5 and 14 days of microorganism culture in 
a scaffold. On the first day, free-swimming bacteria attach to 
the scaffold surface. Between day 1 and 2 bacteria aggregate 
forming microcolonies followed by progressive secretion of 
polysaccharides, proteins and oligonucleotides, which form 
a biofilm extracellular matrix and mature biofilm from day 
5 to day 14. The last step consists of the spontaneous release 
of microbial cells into the surrounding culture media, which 
take place between 23 and 28 days.

In the current study, G-PVAFL was produced followed the 
previously methodology described by Bai et al.17. However, 
for the first time, the degradation kinetics is proposed into 
account mechanical strength and porosity of the polymer. 
Additionally, this kinetics shows suitable performance to 
support microorganism the biofilm formation. Given these 
results, the G-PVAFL has named PVA matrix and subjected 
to biological characterization using Escherichia coli, 
Staphylococcus aureus and Candida albicans.

3.2. Microorganisms assay
Figure 5 shows PVA matrices absence of microbial 

growth at all radiation doses and analyzed times.
Thus, the sterilization method was effective even at 

low doses of 2 kGy. Non-sterile PVA foam has not shown 
in microorganism’s growth in direct contact with agar, 
however, different studies show that pure PVA foam does 
not have any antibacterial action56, 57. The results suggest 
that the method employed, in the present study, may 
not be satisfactory to verify the presence or absence of 
microorganisms in non-sterile material. Thus, to ensure 
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Figure 4. a. Degradation test of G-PVAFL; b. G-PVAFL compressive modulus as a function of the degradation time; c-h. SEM micrographs 
of polymers at various time points of degradation (c) 1 day; (d) 3 days; (e) 7 days; (f) 14 days; (g) 21 days and (h) 30 days.
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no interference in microorganism’s immobilization assay, 
the foams that received the 10 kGy irradiation dose were 
chosen. Studies conducted by Sasaki et al.8 suggest that the 
irradiation treatment by gamma ray at 5 kGy or 10 kGy is 
expected to be optimal. Furthermore, the gamma irradiation 
did not change the FTIR spectra of cross-linked PVA foams 
(data not shown), suggesting that this sterilization method 
did not modify the PVA chain.

The PVA matrices were tested for adhesion cellular after 
soaking in a microbial culture suspension and observed 

using SEM. Figure 6 shows the images captured by SEM 
after contact with bacteria E. coli (Figure 6b), S. aureus 
(Figure 6c) and fungus C. albicans (Figure 6d) are presented. 
We observed the colonization of microorganisms on the 
foam surface, besides distinguishing the morphology of type 
of microbial population. The PVA matrices immersed in 
suspension with E. coli strain morphologically present cells 
non-spore-forming, straight rod arranged in pairs or singly 
and those in contact with S. aureus shown higher density 
of cells in coccus-shaped and generally occur in grape-like 

Figure 5. Evaluation of sterilization on irradiated PVA matrices. (1) non-sterile and sterile matrices with different doses of gamma radiation 
(2) 2 kGy, (3) 10 kGy, (4) 15 kGy and (5) 20 kGy.

Figure 6. Microbial cells immobilized in PVA matrices. The images shows the presence of bacteria E.coli (b), S.aureus (c) and C. albicans (d) 
and absence (a).
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clusters. The matrices in contact with fungi have diploid and 
pseudohyphal and hyphal filaments cells (elongated cells).

In all PVA matrices in contact with the microorganisms 
were identified cells both on the surface and inside (not 
shown) the material. According to Oh et al.59 the interaction 
between the material and the microorganism is due to the 
adhesive forces through van der Waals and electrostatic 
double-layer interactions, besides, it suggests the influence 
of factors such as hydrophobicity and decreased surface 
energy of the support for the success of this interaction. 
In this study, this colonization suggests that the porosity and 
interconnectivity of PVA matrices contribute to diffusion of 
microorganisms and nutrients17.

Three-dimensional cell culture models are considered to 
be a more functional replacement and are strongly applied as 
infection models for the study of motility and morphology of 
eukaryotes cells infected by microorganisms60,61, eg Toxoplasma 
gondii 62,63. Studies conducted by Danielson et al.64 compared 
the cultivation of the T. gondii between 2D and 3D culture 
and both systems reproduce similar conditions parasitic 
replication; however, layered culture favors the morphology 
and organization of the parasite mimetizing in vivo conditions.

After proving the efficiency of the immobilization of 
microorganisms in the foam, we analyzed the biomaterial’s 
ability to adsorb suspended microorganisms. For this 
purpose, a short incubation period of 15 min to E. coli was 
determined, corresponding to a period prior to exponential 
growth - bacterial life cycle65. Figure 7b shows inside of PVA 
matrix, this structure offered favorable conditions for the 
microorganisms adhesion, also, it enables the viability and 
growth of adhered microorganisms as shown in Figure 7c 
(tube 3) by turbidity of the medium after incubation at 

37 °C for 18 h, which confirms the presence of viable 
bacteria. These data suggest the physiology preservation of 
immobilized microorganisms and reflect the effectiveness 
of cell migration between the PVA matrix pores.

Therefore, a porous matrix with adequate morphology 
must guarantee an efficient mass transfer by diffusion of any 
substance (nutrient, oxygen, among others) and consequently 
successful colonization of microorganisms66. To evaluate the 
proliferation of microorganisms within the matrix structure, 
after an incubation period of 15 min to E. coli, the foams 
were washed 4-fold in PBS solution, transferred to another 
tube with nutrient broth and incubated. Figure 8b shows 
that PVA foam favors cell adhesion and provides favorable 
conditions for proliferation. Cell viability of microorganism 
after PVA matrix colonization was investigated. Figure 8c 
shows tubes containing immobilized cells presented a cloudy 
medium with precipitated indicative of viability and cell 
growth. In addition, it was possible to evaluate bacterial 
metabolism by visualizing a gas bubble in a Durham tube 
strongly suggesting that immobilization not only preserves the 
proliferative capacity of bacteria but also metabolic activity.

Our studies have shown that cross-linked PVA foam is 
suitable for use as a matrix for 3D microorganism culture. 
The data suggest that the polymeric matrix produced in the 
present work is easily colonized by different microorganisms 
with considerable microbial cell density and can progress 
to formation of the extracellular matrix and form a mature 
3D biofilm structure. E. coli is a strain widely studied for 
being a common host for biotechnological applications due 
to its easy genetic manipulation and protein expression66. 
PVA matrix biocolonization by S. aureus and C. albicans 
(Figure 6) suggests that these microorganisms maintain their 

Figure 7. Microbial adhesion in PVA matrices and cell activity in lactose broth. The images shows foam with absence (a) and presence 
of bacteria E.coli (b) and (c) Durham tube assay: tube 1- blank; tube 2- foam alone; tube 3- foam + microorganism.
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capacity for proliferation and metabolism, however, further 
research is necessary to determine the performance of PVA 
matrix against different types of microorganisms regarding 
adhesion and metabolic activities profile.

4. Conclusion
The use of gas foaming technique in combination with a 

controlled freeze-drying process led to the formation of highly 
porous PVA with characteristics suitable for microorganism 
3D cell culture. The morphological, physicochemical, thermal 
and mechanical characterization confirmed that the PVA was 
cross-linked with glutaraldehyde. The analysis showed that 
thermal chemical and mechanical stability were improved 
after the PVA crosslinking. The morphological properties, 
swelling and degradation behavior in aqueous environment 
suggest that the PVA matrix has proper characteristics for 
3D microorganism culture. Escherichia coli (Gram-negative 
bacteria), Staphylococcus aureus (Gram-positive bacteria) 
and Candida albicans (yeast) cells could adhere to the PVA 
matrix. In particular, E. coli adheres to biomaterial and this 
immobilization preserves the proliferative capacity of bacteria 
and the metabolic activity after 24 hours.
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