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Abstract
Polypropylene was modified to contain chitosan and evaluate its ability to generate Lactobacillus casei biofilms and their lac-
tic acid production. Biofilm formation was carried out in either rich or minimal media. The chitosan-modified polypropylene 
harbored ~ 37% more cells than the control polypropylene. The biofilms from the chitosan-modified polypropylene grown 
in rich medium produced ~ 2 times more lactic acid after 72 h of incubation than the control suspended cells. There was no 
significant difference in the production of lactic acid after 72 h by L. casei biofilms on the chitosan-modified polypropylene 
grown in minimal media as compared with cells in suspension after 48 h and 72 h of incubation. Infrared spectroscopy con-
firmed higher deposition of nutrients and biomass on the chitosan-modified polypropylene as compared to the chitosan-free 
polypropylene. Electron and atomic force microscopy confirmed thicker biofilms when rich media were used to grow them 
as compared to minimal medium.
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Introduction

Different microorganisms have the ability to produce 
through specific biochemical pathways a variety of com-
pounds such as organic acids, alcohols, enzymes, polymers 
and antimicrobials. With the right environmental conditions 
(gas composition, temperature, and pH) and substrate avail-
ability (nutrient types and concentrations), it is possible to 
make use of the microbial cells as suspended suspended cells 
in growth medium to produce value-added compounds at the 
industrial scales [1]. Through the immobilization of cells 
on solid supports in the forms of biofilms, it is possible to 
increase substantially the productivity of metabolites as 
compared to suspended cells in the growth media [2]. Bio-
film formation relies on several factors such as the affinity 
between the microbial cells and the surface characteristics 

of the solid support, which in turn depends on the hydropho-
bicity, hydrophilicity, and the surface energy the cells and 
the supports may share, the surface charge of the support, 
as well as its porosity and roughness [3]. Cells are able to 
deposit and attach on the surface of a solid support mainly 
through electrostatic interactions. They can also be cova-
lently bound through the reaction between organic functional 
groups within their structure and the solid support with the 
aid of bioconjugation techniques [4, 5]. Another approach 
for cell immobilization that does not involve covalent bond 
formation is the entrapment of cells within the matrices of 
porous materials [2].

In general, the preferred method for cell immobilization 
is passive immobilization, which involves the deposition of 
cells on the outer surface of the solid support through elec-
trostatic interactions, because it is less detrimental against 
the integrity and viability of the microorganisms. In con-
trast, active immobilization involves the above-mentioned 
phenomena of microbial entrapment within porous matrices 
and covalent crosslinking between the cells and the solid 
support, which may negatively impact cell viability [1].

In spite of the mentioned benefits of the use of active bio-
film immobilization for the production of metabolites, their 
practical application has been halted by the poor stability 
the supports (frequently made from fragile materials such as 

 *	 Luis J. Bastarrachea 
	 luis.bastarrachea@usu.edu

1	 Department of Nutrition, Dietetics and Food Sciences, Utah 
State University, Logan, UT, USA

2	 Department of Biological Engineering, Utah State 
University, Logan, UT, USA

3	 Department of Agricultural and Biological Engineering, 
Pennsylvania State University, University Park, PA, USA

http://orcid.org/0000-0002-6154-1519
http://orcid.org/0000-0002-9753-6404
http://orcid.org/0000-0002-6981-4040
http://orcid.org/0000-0002-2049-5026
http://crossmark.crossref.org/dialog/?doi=10.1007/s00449-021-02654-z&domain=pdf


218	 Bioprocess and Biosystems Engineering (2022) 45:217–226

1 3

gels of polysaccharides and proteins) may have [6–10], and 
the decay in cell viability [8, 11, 12] which may be a result 
of the toxicity of the substances (crosslinkers or supports) 
used for their attachment. Thus, there is a need to develop 
suitable supports for biofilm immobilization that are stable 
and able to retain cell viability.

The intrinsic chemical properties of a wide range of 
materials can be tailored effectively through a variety of 
polymer modification techniques [13, 14]. One potential 
approach to make materials suitable for cell immobilization 
is reactive blending or reactive extrusion. Polymer blend-
ing is a frequent step in the plastic industry, with diverse 
applications in transportation, electronics, appliances and 
packaging [15]. Different polymers may not be miscible or 
compatible for blending, but they can be modified through 
the incorporation of functional reactive groups within their 
molecular structure to become miscible between each other. 
Another major benefit of these techniques when they are 
applied to modify the surface of materials is the retention of 
the functional physical, thermal and mechanical properties 
of the original bulk material [16–19]. One suitable option 
to modify commonly used plastics to enhance biofilm for-
mation is chitosan. Chitosan has been extensively tested for 
cell immobilization, demonstrating effectiveness for diverse 
types of mammalian as well as bacteria cells [20–22]. Chi-
tosan is intrinsically hydrophilic, which makes it ideal for 
the formation biofilms of lactic acid bacteria [1, 23].

Lactic acid is an organic acid produced by multiple strains 
of Lactobacilli with a variety of applications in the food, 
pharmaceutical, and textile industries, among others. Moreo-
ver, given its chemical structure, that makes it suitable to 
undergo chemical modifications, it can be used for the syn-
thesis of other useful compounds, such as propylene oxide, 
propylene glycol, acrylic acid, 2,3-pentanedione, lactate 
ester, and the biodegradable plastic polylactic acid (PLA), 
which has similar properties as the petroleum-derived plas-
tics [24].

Therefore, this study was undertaken to develop a modi-
fied plastic support made with polypropylene and chitosan 
through reactive blending and evaluate its performance to 
harbor Lactobacillus casei biofilms for the production of 
lactic acid.

Materials and methods

Materials

d-Glucose, K2HPO4, agar, acetic acid (95%), acetone, abso-
lute ethanol, isopropanol, glutaraldehyde (25%), hydrochlo-
ric acid (1 N), and Na2HPO4 were from Fisher Scientific 
(Pittsburgh, PA). KH2PO4 and NaCH3COO were from 
VWR (Philadelphia, PA). MgSO4∙7H2O, MnSO4∙H2O, 

yeast extract (YE), and lactate standard were from Alfa 
Aesar (Thermo Fisher Scientific, Waltham, MA). Isotactic 
polypropylene (PP) and methyl vinyl ether/maleic anhydride 
copolymer (MVE) were from Scientific Polymer Products 
(Ontario, NY). Man, Rogosa and Sharpe (MRS) broth, 
ribitol, acetonitrile, pyridine, methoxamine hydrochloride, 
N-Methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA), 
and low molecular weight chitosan (50–190 kDa) were from 
Sigma-Aldrich (St. Louis, MO). Glass beads (500–750 μm) 
were from Acros Organics (Fair Lawn, NJ). Peptone was 
from Oxoid (Thermo Fisher Scientific, Waltham, MA). 
Anhydrous calcium sulfate was from Drierite Co. LTD 
(Xenia, OH). Tween® 80 was from MP Biomedicals (Solon, 
OH). Polybond 7200, a maleic anhydride grafted PP (PP-
g-MA) was kindly provided by Dr. John Yun from SI group, 
Inc. (Niskayuna, NY).

Biofilm solid support preparation

The fabrication of the modified PP support to form L. casei 
biofilms was based on our recent work [16]. A mixture of 
PP (50% w/w) and PP-g-MA (50% w/w) pellets was intro-
duced into a bench-top Laboratory Mixing Extruder (LME) 
with a 1/8 in orifice strand die (Dynisco, Franklin, MA) at 
180 °C and 30 rpm. The strands of the resulting polymer 
blend (referred to as PP-MA, a bulk polypropylene with 
MA groups provided by PP-g-MA) were turned into pellets 
with the aid of a chopper and the pellets where hot-pressed 
at 200 °C and 60 MPa, to obtain films with a thickness of 
0.3 ± 0.03 mm. The PP-MA films were cut into 2.0 × 2.0 cm 
coupons and cleaned in an ultrasonic water bath by immers-
ing them first in acetone and then in deionized (DI) water (2 
cycles of 10 min for each solvent at 40 kHz). After clean-
ing, coupons were dried overnight under anhydrous calcium 
sulfate (relative humidity of < 30%). Then, the coupons were 
spin coated at 2000 rpm for 1 min on both sides first with 
0.3 mL of MVE in acetone (1 mg/mL) and then with 0.3 mL 
of chitosan in 1% acetic acid (15 mg/mL) using an anti-
corrosion spin coater (VTC-200P-110, MTI Corporation, 
Richmond, CA). After spin coating, coupons were again 
allowed to dry in anhydrous calcium sulfate for 30 min 
and then heat-cured for 1 h at 185 °C. These coupons were 
referred to as PP-MVE-CHI. Figure 1 shows a depiction of 
the preparation of PP-MVE-CHI followed the deposition of 
nutrients and cells (explained later).

Lactobacillus casei biofilm formation on solid 
support

Lactobacillus casei (12A), a wild type Lactobacillus strain 
[25, 26], was obtained from the culture collection of the 
department of Nutrition, Dietetics and Food Sciences at 
Utah State University (Logan, UT). A loopful of frozen 



219Bioprocess and Biosystems Engineering (2022) 45:217–226	

1 3

stock in 25% glycerol (− 80 °C) was inoculated by streak-
ing onto MRS agar. The MRS agar plates were incubated 
for 24 h at 37 °C and an individual colony was inoculated 
into 9 mL of sterile MRS broth. The inoculated MRS broth 
was incubated for 24 h at 37 °C and a loopful was inoculated 
onto new MRS agar. These MRS agar plates were incubated 
for 24 h at the same temperature and the resulting plates 
with L. casei colonies were stored at 4 °C not more than for 
3 weeks.

All bacterial growth and fermentations were performed 
under static conditions. To prepare suspensions for biofilm 
formation, a single L. casei colony from MRS agar was 
first inoculated into 9 mL of MRS broth and incubated at 
37 °C for 24 h. Then, a 10% dilution (v/v) of this broth 
was prepared with sterile lactic acid fermentation rich 
medium, which composed of D-Glucose (20  g/L), YE 
(4 g/L), KH2PO4 (0.5 g/L), K2HPO4 (0.5 g/L), sodium 
acetate (1 g/L), MgSO4∙7H2O (0.6 g/L), and MnSO4∙H2O 
(0.018 g/L) and incubated for 24 h at 37 °C (for simplicity, 
this medium will be referred to as just rich medium) [23, 
27, 28]. In parallel, as prepared PP-MA and PP-MVE-CHI 

coupons were individually immersed in 50 mL sterile coni-
cal tubes with 20 mL of rich medium for initial nutrient dep-
osition on their surface also for 24 h at 37 °C (the coupons 
completely immersed in the media, for their both surfaces to 
be exposed). After the 24 h of incubation, the inoculated rich 
media were centrifuged in 2 cycles at 1949×g for 10 min per 
cycle and the supernatant was replaced with 20 mL of new 
sterile rich medium after each centrifugation. A 1% dilu-
tion of this suspension was prepared with new sterile rich 
medium, to have an initial inoculum of ~ 7 log(CFU/mL), 
and the PP-MA and PP-MVE-CHI coupons that had been 
subjected to 24 h of immersion in sterile rich medium were 
individually transferred into 20 mL of this ~ 7 log (CFU/mL) 
L. casei suspension for initial cell attachment, which was 
followed by 48 h of incubation at 37 °C. After these 48 h 
of incubation for initial cell deposition, the PP-MA and PP-
MVE-CHI coupons were subjected to 5 cycles of repeated 
batch fermentations for biofilm growth (48 h per cycle) in 
which the medium was replaced at the end of each cycle with 
new and sterile medium (20 mL per coupon). In the initial 
cell deposition and in the repeated batch fermentations, the 

Fig. 1   Depiction of PP-MVE-CHI preparation and the subsequent deposition of nutrients from growth medium and cells
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coupons were immersed in 50 mL sterile conical tubes with 
20 mL of the corresponding medium for total surface expo-
sure. Two types of fermentation media were used in these 
cycles: rich medium and minimal medium (with the same 
ingredients of rich medium with the exception of YE). The 
use of minimal medium was explored to test the possibility 
of biofilm development with fewer ingredients. This pro-
cedure was conducted in at least 3 independent replicates.

Determination of cell density on solid support

To determine the number of cells attached on the PP-MA 
and PP-MVE-CHI coupons after the 5 cycles of repeated 
batch fermentations in either rich or minimal media, a pub-
lished method was followed [23]. Briefly, the coupons were 
first transferred to 20 mL of sterile peptone water (PW, 0.1% 
w/v peptone in distilled water) and vortexed vigorously to 
remove loose bacteria for 5 s. Then, the coupons were asepti-
cally transferred to 10 mL of sterile PW with 5 g of sterile 
glass beads to be vigorously vortexed in three 30 s cycles 
to remove the attached cells. Serial dilutions in sterile PW 
were prepared from the vortexed suspension and 100 μL 
of each dilution were inoculated onto MRS agar, which 
was followed by incubation at 37 °C for 48 h, and colony 
enumeration. The results were expressed as log(CFU/cm2), 
taking into account the total surface area of a single coupon 
(8 cm2). The support (PP-MA or PP-MVE-CHI) with the 
highest cell density was chosen to test the production of 
lactic acid, as explained below.

Attenuated total reflectance‑Fourier transform 
infrared spectroscopy (ATR‑FTIR)

The surface chemistry of PP-MA and PP-MVE-CHI cou-
pons was analyzed as reported previously [16–18]. The 
coupons were analyzed with an IRTracer-100 infrared spec-
trometer (Shimadzu Corporation, Japan) equipped with a 
diamond ATR crystal (Quest Single Reflection ATR Acces-
sory, Specac Limited, UK). Multiple spots on samples from 
independent replicates were analyzed through Happ-Genzel 
apodization (4 cm−1 resolution, 32 scans per spot). Spec-
tra analysis was done with the software KnowItAll (Biorad 
Laboratories, Philadelphia, PA). PP-MA and PP-MVE-CHI 
coupons were analyzed as prepared and after the biofilm 
growth in the 5 repeated batch fermentations, in either rich 
or minimal media. For the latter case, individual coupons 
were first vigorously vortexed for 5 s in 20 mL of sterile 
DI water to remove loose bacteria and then allowed to dry 
under anhydrous calcium sulfate until the excess humidity 
had evaporated, to be then analyzed through ATR-FTIR as 
explained above.

Contact angle goniometry

Static contact angle (θs) was measured by applying a 
droplet of DI water (1 μL) on the surface of the as pre-
pared PP-MA and PP-MVE-CHI coupons, using a VCA 
Optima digital contact angle instrument (AST Products, 
Billerica, MA). Measurements were performed from at 
least 3 independently prepared coupons of either PP-MA 
or PP-MVE-CHI.

Scanning electron microscopy (SEM)

After completion of the 5 cycles of repeated batch fer-
mentations in either rich or minimal media, the supports 
(PP-MA or PP-MVE-CHI) with higher cell density were 
subjected to SEM analysis as follows. Single coupons were 
first immersed for 1 h at room temperature in 20 mL of 
2% glutaraldehyde in sterile Sorensen’s buffer (133 mM 
Na2HPO4 and 133  mM KH2PO4 in DI water, pH 7.0). 
Then, the coupons were rinsed 3 times in 20 mL of ster-
ile Sorensen’s buffer (10 min per rinse) to shake off loose 
bacteria. This was followed by gentle rinses (immersions) 
in aqueous ethanol solutions as follows: 2 rinses in 20 mL 
of 70% (v/v) absolute ethanol in DI water (5 min per rinse), 
1 rinse in 20 mL of 90% (v/v) absolute ethanol in DI water 
(5 min), 1 rinse in 20 mL of 95% (v/v) absolute ethanol in 
DI water (5 min), and 3 rinses in 20 mL of absolute ethanol 
(10 min per rinse). Coupons were then subjected to Critical 
Point Drying (CPD) and sputter-coating with a 10 nm layer 
of gold and palladium using a rotary sputter coater system 
EMS150R ES (Electron Microscopy Sciences, Hatfield, 
PA). SEM analysis was done with a FEI Quanta FEG 650 
(Field Electron and Ion Company, Hillsboro, OR) under low 
vacuum at an accelerating voltage of 10 kV.

Atomic force microscopy (AFM)

As with SEM analysis, after completion of the 5 cycles of 
repeated batch fermentations in either rich or minimal media, 
the type of supports (PP-MA or PP-MVE-CHI) with higher 
cell density were subjected to AFM analysis in the same way 
as for SEM analysis. After sputter-coating with gold and 
palladium, AFM images of the coupons were obtained with 
a Nanoscope III Bioscope (Digital Instruments, Inc., NY) 
under taping mode. Budget Sensors-Tap 300AL-G cantile-
vers with a tip radius of curvature < 10 nm, 125 μm length, 
30 μm width, 4 μm thickness and a 40 N/m force constant 
were used. Images were captured at 256 × 256 pixel resolu-
tion and 1 Hz over a range of scan sizes and angles. Bacte-
ria dimensions and mean surface roughness were calculated 
with the Digital Instruments software (v5.21).
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Lactic acid fermentation and analysis

After completion of the 5 cycles of repeated batch fermen-
tations for biofilm growth in rich and minimal media and 
the cell density determination, the type of support (PP-MA 
or PP-MVE-CHI) with higher cell density was subjected 
to a single cycle of fermentation to challenge the ability 
of its L. casei biofilms to produce lactic acid. After the 
5 repeated batch fermentations, multiple coupons were 
transferred individually to 20 mL of sterile rich media and 
incubated for up to 72 h at 37 °C. Media samples were 
collected over time for lactic acid analysis, which was con-
ducted through gas chromatography–mass spectrometry 
(GC–MS) as follows [29], using 20 mL volumes of rich 
media with suspended L. casei cells as controls (initial 
inoculum of ~ 7 log (CFU/mL)). At different time points 
during fermentation (0, 24, 48 and 72 h), the fermentation 
media were collected and separated from the coupons as 
needed. Then, the medium was centrifuged at 3800 × g and 
4 °C for 15 min. The supernatant was decanted and stored 
at – 20 °C until analysis. Media samples were diluted 10% 
(v/v) with DI and 50 µL was aliquoted into a 1.5 mL poly-
propylene microcentrifuge tube and spiked with 10 µL of 
200 ppm ribitol as an internal standard. Metabolites were 
extracted in 1 mL of an acetonitrile, isopropanol, and DI 
water mixture (3:3:2, v/v/v). The mixture was vortexed 
for 5 min, and then centrifuged at 14,000 × g for 5 min. 
Next, 450 µL of the supernatant was removed and evapo-
rated to dryness in a rotary evaporator. For quantification, 
a seven-point standard curve was made by serial 50% dilu-
tions (v/v) of 100 mM lactate in sterile rich media, and the 
standards were prepared according to the same procedure 
as the samples. After samples and standards were dried, 
10 µL of methoxamine hydrochloride in pyridine (20 mg/
mL) was added and samples were shaken at 30 °C for 
1.5 h. Next, 80 µL of N-Methyl-N-(trimethylsilyl)trifluoro-
acetamide (MSTFA) was added to each sample, and tubes 
were shaken for an additional 30 min. Samples were then 
transferred to 100 µL glass inserts in gas chromatogra-
phy vials and analyzed by GC–MS. The GC–MS analy-
sis was conducted using a Shimadzu QP2010 (Shimadzu 
Corporation, Columbia, MD) equipped with a ZB-5MSi 
column (30 m × 0.25 mm internal diameter × 0.25 µm film 
thickness; Phenomenex, Torrance, CA) fitted with a 5 m 
inactivated silica guard column. One µL of sample was 
injected and split (25:1) in the injection port which was 
held at 250 °C. The column was held at 60 °C for one 
minute, and then ramped at 10 °C/min to 325 °C and held 
for 1 min. The interface temperature was held at 290 °C, 
and the detector at 230 °C. Helium was used as the car-
rier gas, and the flow rate was 36.7 cm/s. Analytes were 
ionized by electron impact, and ions from 50 to 600 m/z 
were scanned 5 times per second. The detector was held 

at 1.2 kV. Lactic acid concentrations in rich media were 
expressed as millimoles per L (mM). At least 3 replicates 
were performed for this evaluation.

Statistical analysis

When appropriate, significance between treatments was 
determined through Analysis of Variance (ANOVA) and 
Tukey’s pairwise comparisons using Minitab® (Minitab Inc., 
State College, PA). Linear or nonlinear regression analyses 
were done using SigmaPlot® (Systat Software, San Jose, 
CA). Significance was set at α = 0.05.

Results

Biofilm solid support cell density and surface 
characterization

When biofilm formation took place in the repeated batch 
fermentations with rich media, L. casei cell population on 
the PP-MVE-CHI coupons (6.1 ± 0.3 log(CFU/cm2)) was 
on average 37% higher than the cell population on PP-MA 
(5.8 ± 0.4 log(CFU/cm2)). When minimal media were 
employed, the cells were not culturable, even if the inoc-
ulated MRS plates were incubated for more than 48 h at 
37 °C. Even though the cell density between the PP-MA and 
PP-MVE-CHI subjected to the repeated batch fermentations 
in rich media was not significant (P > 0.05), PP-MVE-CHI 
was selected for the microscopy evaluations and lactic acid 
fermentation evaluations as shown below, given its apparent 
ability to bind more nutrients and cells.

The values of static contact angle (θs) for as prepared 
PP-MA and PP-MVE-CHI were 105.0 ± 3.0° and 88.0 ± 1.0°, 
respectively. This indicates that PP-MA is hydrophobic and 
PP-MVE-CHI is slightly hydrophilic (θs < 90°).

Figure 2 shows the ATR-FTIR spectra of the as prepared 
PP-MA and PP-MVE-CHI coupons, and the PP-MA and 
PP-MVE-CHI coupons after the 5 repeated batch fermenta-
tions in rich medium (RM) and minimal medium (MM). 
The as prepared PP-MA coupons show the characteristic 
carbonyl group C=O at 1780  cm−1, and the carboxylic 
acids group –COO– at 1720 cm−1 given by the maleic anhy-
dride rings. The as prepared PP-MVE-CHI coupons show 
the vibration of the carbonyl groups in the imide bonds 
(1755–1680  cm−1), which corroborates covalent bond 
formation between MVE and chitosan. After the 5 cycles 
of repeated batch fermentations in either rich or minimal 
media, the formation and/or concentration increase of 
amides can be seen from the corresponding C=O and N–H 
functional groups at 1755–1680 cm−1 and 1570–1515 cm−1, 
respectively [16, 30]. These bands present higher absorb-
ance from coupons exposed to rich media, which suggests 



222	 Bioprocess and Biosystems Engineering (2022) 45:217–226

1 3

higher concentration of cells and nutrients, and the concen-
tration of these organic entities is higher in the surface of PP-
MVE-CHI. Therefore, due to its confirmed ability to harbor 
more cells and nutrients, PP-MVE-CHI was selected for the 
microscopy evaluations and lactic acid fermentation evalu-
ations, which results are shown later in the text.

Scanning electron microscopy and atomic force 
microscopy

Figures 3, 4, 5, 6 show L. casei biofilms formed on PP-
MVE-CHI after the 5 repeated batch fermentations in either 
minimal or rich media. For the former case, the biofilms did 
not cover the area of the support completely, and the biofilms 
presented themselves in clusters of bacteria with a thickness 
of a few cells. When rich medium was used, a thick layer of 
biofilm developed with multiple cells, and it covered most of 
the support’s surface. This was confirmed by AFM analysis 
(Fig. 7), showing that when minimal medium was employed, 
the biofilms formed as thin layers of bacteria with a few cells 
on the top of each other, while dense multicellular layers 
developed when rich medium was employed.

Lactic acid fermentation and analysis

Table  1 shows the lactic acid production over time 
by the control L. casei suspended cells and the PP-
MVE-CHI coupons with L. casei biofilms formed in 
either minimal or rich media after the 5 repeated batch 

Fig. 2   ATR-FTIR spectra of PP-MA (left) and PP-MVE-CHI (right) after 5 cycles of repeated batch fermentations in either minimal medium 
(MM) or rich medium (RM)

Fig. 3   ×2000 SEM image of L. casei biofilms on PP-MVE-CHI 
grown in minimal (above) or rich (below) media after 5 cycles of 
repeated batch fermentations
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fermentations  (treatments that share the same super-
script letter within Table 1 are not significantly differ-
ent, P > 0.05). After 24 h of incubation, the biofilms 
from PP-MVE-CHI grown in rich media were able to 
produce a significant (P < 0.05) concentration of lactic 
acid (6.2 ± 0.6 g/L), amount ~ 2.8 times higher on aver-
age than the control suspended cells at the same time of 
incubation (2.2 ± 0.2 g/L). The trend continued for these 
2 treatments throughout the fermentation period; after 
48 and 72 h of incubation, the PP-MVE-CHI coupons 
with L. casei biofilms formed in rich media produced 
on average ~ 1.7 and ~ 1.74 times more lactic acid than 
the control (suspended cells), respectively, giving a final 
average yield based on the initial glucose concentra-
tion (20 g/L) of 41%, substantially higher than the yield 
obtained by the control suspended cells (24% on average). 
For the case of the biofilms from PP-MVE-CHI grown in 
minimal media, no detectable levels of lactic acid were 
measured until 48 h, and after 72 h the amount produced 
(4.0 ± 0.4 g/L) was statistically the same given by the 
control after 48 and 72 h of incubation (P > 0.05). Fig-
ure 8 shows the lactic acid production over time from the 
different treatments. 

Discussion

The higher cell density found in PP-MVE-CHI as com-
pared to PP-MA may be attributed to its higher hydrophilic 
character (lower θs). The chemical composition of the cell 
membrane of lactic acid bacteria make them prone to attach 
to hydrophilic surfaces [1, 23]. In addition, hydrophilic 
surfaces and materials are prone to experiencing fouling 
of organic matter, such as proteins and sugars [31]. This 
agrees with the apparent higher deposition of L. lactis cells 
and nutrients on PP-MVE-CHI as compared to PP-MA. The 
high concentration of cells and organic matter was also con-
firmed by the higher levels of absorbance by the organic 
functional groups (mainly amides) that can be assigned to 
proteins (Fig. 2, C=O and N–H bands at 1755–1680 cm−1 
and 1570–1515 cm−1, respectively) and that are also an 
infrared feature of lactic acid bacteria [32].

Even though L. casei biofilms formed under repeated 
batch fermentations in minimal media were not culturable, 
their formation was confirmed through SEM and AFM on 
the surface of PP-MVE-CHI (Figs. 3,4,5,6 7). It has been 
reported that some species of nonsporeformer bacteria can 
enter a phase known as viable but nonculturable (VBNC), in 

Fig. 4   ×5000 SEM image of L. casei biofilms on PP-MVE-CHI 
grown in minimal (above) or rich (below) media after 5 cycles of 
repeated batch fermentations

Fig. 5   ×10,000 SEM image of L. casei biofilms on PP-MVE-CHI 
grown in minimal (above) or rich (below) media after 5 cycles of 
repeated batch fermentations
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which they are able to drastically reduce their metabolic rates 
as a survival response to marginal availability of nutrients 
and a harsh environment (such as extreme pH, temperature, 

and gas composition), but retain viability [33]. Eventually, 
and under the right conditions for growth, VBNC cells can 
resuscitate and reproduce. This phenomenon was demon-
strated in our study in L. casei biofilms on PP-MVE-CHI 
(grown with minimal media) by the substantial increase in 
lactic acid concentration after 72 h of fermentation in rich 
medium, which was statistically the same given by the con-
trol L. casei suspended cells after 48 and 72 h (P > 0.05). 
Comparable results were obtained in a study in which a 
composite of polypropylene and biopolymers (such as yeast 
extract, bovine albumin, soybean flour, and soybean hulls) 
was used to harbor L. casei biofilms [23]. In the cited work, 
the maximum lactic acid concentration obtained was 7.6 g/L. 
The highest production of lactic acid was given at every time 
point by L. casei biofilms on PP-MVE-CHI grown with rich 
media. This latter treatment was able to provide a lactic acid 
concentration ~ 100% higher than the control L. casei sus-
pended cells. This suggests the potential of this concept of 
cell immobilization to increase substantially the production 
of metabolites in industrial fermentations.

Conclusions

In this study, it was demonstrated that surface modification 
with organic compounds (specifically polycations like chi-
tosan) of commonly used polymers can enhance the for-
mation of biofilms able to produce almost 2 times more 
(8.2 ± 1.2 g/L, 72 h of incubation) metabolite as compared 
to control suspended cells (4.7 ± 0.1 g/L, 72 h of incubation). 
In addition, the use of minimal media may be considered as 
a practical and cost-effective approach for the development 
of biofilms, as it was demonstrated in this study that those 

Fig. 6   ×20,000 SEM image of L. casei biofilms on PP-MVE-CHI 
grown in minimal (above) or rich (below) media after 5 cycles of 
repeated batch fermentations

Fig. 7   AFM images of L. casei biofilms on PP-MVE-CHI grown in minimal (left) or rich (right) media after 5 cycles of repeated batch fermen-
tations
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biofilms can remain viable and able to produce metabolites 
after exposure to suitable media. Infrared spectroscopy con-
firmed that the surface modification of polypropylene with 
chitosan enhanced nutrient and biomass deposition, and 
microscopy analyses also confirmed that with the use of rich 
media biofilms are thicker and have higher cell density. This 
work suggests that with this approach, the productivity of 
fermentation processes can be substantially improved.
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