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Abstract 
A wide array of pharmaceutical and industrial products available in today’s market stems from bioreactors. Meeting the esca-
lating demand for these products necessitates significant enhancements in biotechnological processes. This study focuses on 
developing cost-effective scaffolds designed explicitly for use within bioreactors, employing commonly used polymers such 
as gelatin and collagen. Bacterial proliferation assays involving Escherichia coli, Staphylococcus aureus, and Pseudomonas 
aeruginosa were conducted to assess the effectiveness of these scaffolds. The scaffolds were produced by electrospinning 
polymeric solutions with varying concentrations of gelatin and collagen and were characterized using scanning electron 
microscopy, Fourier transform infrared spectroscopy, differential scanning calorimetry, and thermogravimetric analysis. 
Results revealed that scaffolds with 15% gelatin increased the 24-h proliferation of S. aureus, P. aeruginosa, and E. coli by 
52%, 35%, and 20%, respectively. In the case of E. coli, scaffolds with lower gelatin concentrations (1–10%) were more effec-
tive, leading to 35–55% proliferation growth. These findings highlight the potential application of gelatin/collagen scaffolds 
in fabricating industrial products derived from these bacteria.

Key points
• GEL/COL fibers boost S. aureus growth by 128%
• Offers scalable biotech applications
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Introduction

Microbial communities have emerged as an intriguing strat-
egy for generating industrial, agricultural, and biomedical 
products. The evolutionary pressures faced by microbes have 
resulted in a vast array of species endowed with diverse met-
abolic and genetic potentials. However, despite this abun-
dance, millions of microorganisms pose challenges in culti-
vating and harnessing their full potential (Sivasubramaniam 
and Franks 2016; Gonzalez and Aranda 2023).

Nanofiber-based scaffolds have gained increasing atten-
tion in biotechnology due to their ability to influence bacte-
rial growth dynamics. Previous studies, such as Moffa et al. 
(2017), demonstrated that polystyrene nanofibers can sup-
port the proliferation of Streptomyces lividans, indicating 
that nanofibrous structures can provide a favorable micro-
environment for bacterial colonization (Moffa et al. 2017). 
Additionally, research by Velasco-Barraza et al. (2018) 
highlighted the role of electrospun nanofibers in promoting 
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bacterial biofilm formation, further suggesting their poten-
tial in industrial applications (Velasco-Barraza et al. 2018). 
Despite these findings, the question of how nanofiber com-
position and structural properties influence the growth of 
specific bacterial species is still emerging area in microbiol-
ogy and requires careful study.

One proposed strategy to optimize the growth of intriguing 
microorganisms involves the utilization of three-dimensional 
scaffolds crafted from nano- and microfibers created through 
the electrospinning technique. These scaffolds serve as sub-
strates in microbial cultures (Velasco-Barraza et al. 2018).

Electrospinning, a technique employed to produce 
nanoscale fibers, has garnered significant attention in bio-
medical fields (Venugopal et al. 2005; Kahdim et al. 2023); 
this process involves injecting a well-blended polymeric 
solution into a polar solvent while applying high voltage. 
This action leads to the creation of Taylor’s cone, allowing 
the formation of fibers on a collector positioned at the nega-
tive terminal of the electrical field (Villarreal-Gómez et al. 
2014, 2016; Cornejo-Bravo et al. 2017; Torres-Martinez 
et al. 2018; Villarreal-Gómez and Pérez-González 2023), 
yet, there is limited understanding regarding how nanofiber 
scaffolds impact the growth of industrially relevant bacteria.

This research focuses on two natural polymers, collagen 
(COL) and gelatin (GEL), representing distinct variations 
of the same macromolecule. Gelatin (GEL) is a flexible, 
soluble protein derived from the partial hydrolysis of col-
lagen (COL) (Okutan et al. 2014). These molecules find 
diverse applications in fields such as food, cosmetics, pho-
tography, medicine, microbiology, and cell cultures (Fischer 
et al. 2012; Zhao et al. 2015; Bhagwat and Dandge 2018). 
However, collagen (COL) has been effectively electrospun 
solely in combination with other polymers like hyaluronic 
acid; it has not been electrospun alone (Fischer et al. 2012), 
hydroxyethyl cellulose, poly (vinyl alcohol) (Blosi et al. 
2021; Zulkifli et al. 2023), chitosan (Nokoorani et al. 2021), 
and poly (lactic-co-glycolic acid) (Kwak et al. 2016), among 
others, using fluorinated solvents. Additionally, it might be 
feasible to electrospun collagen (COL) fibers devoid of 
organic solvents by employing telopeptide-free collagen in 
a basic environment (Foltran et al. 2008; Jha et al. 2011; Lu 
and Guo 2018; Feng et al. 2022). Likewise, electrospinning 
unmodified collagen (COL) without alterations or employing 
fluorinated solvents has not been documented. Conversely, 
gelatin (GEL) nanofibers find applications as skin dressings 
or scaffolds for tissue engineering (Ersanli et al. 2023). An 
advantage of using this protein is the absence of a require-
ment for fluorinated solvents. Gelatin has been electrospun 
multiple times, either independently or in combination with 
other polymers, yielding positive outcomes (Erencia et al. 
2015; Safdari et al. 2016; İnanç Horuz and Belibağlı 2017; 
Ehrmann 2021; Samyn et al. 2023; Dechojarassri et al. 
2023).

Gelatin and collagen nanofibers, known for their bio-
compatibility and structural resemblance to the native 
extracellular matrix, possess properties that impact bacte-
rial growth (Chiu et al. 2007; Chen et al. 2010). Their high 
surface area-to-volume ratios and porous structures facili-
tate bacterial adhesion and colonization, while their tunable 
mechanical properties and degradation rates influence bacte-
rial access to nutrients and growth factors (Meng et al. 2007). 
The incorporation of bioactive agents, surface modifications 
for antimicrobial properties, and electrostatic interactions 
with bacterial cell surfaces further modulate bacterial inter-
actions. Hydrophilicity enhances water retention, creating 
a conducive environment for bacterial proliferation, while 
cross-linking density affects scaffold stability and bacterial 
infiltration (Campiglio et al. 2020). Overall, careful design 
and engineering of these nanofibrous scaffolds are crucial for 
achieving industrial objectives while minimizing the risk of 
bacterial infections (El-Seedi et al. 2023).

Previous reports have highlighted the utilization of 
nanofibers as antimicrobial agents. Yet, there remains a 
limited understanding regarding their capacity to stimulate 
the growth of bacteria relevant to biotechnology. Moffa 
et al. (2017) employed polystyrene nanofibers dissolved in 
N, N-dimethylformamide to foster the growth of Streptomy-
ces lividans, yielding promising outcomes, suggesting that 
nanofibers can serve as substrates for bacterial proliferation, 
thereby expanding their potential applications beyond anti-
microbial agents (Moffa et al. 2017). The findings under-
score the importance of exploring the interactions between 
nanofibers and bacteria in various fields, including biotech-
nology. Further research in this area could elucidate the 
underlying mechanisms by which nanofibers support bacte-
rial growth and inform the development of novel materials 
for biotechnological applications (Pan et al. 2015).

The objective of this study is to create nanofibers using 
collagen (COL) and gelatin (GEL), which can potentially be 
used in bioreactors to produce various bioproducts that are 
important to biotechnology. The primary aim is to optimize 
the growth conditions of three industrial bacteria, namely, 
Staphylococcus aureus, Escherichia coli, and Pseudomonas 
aeruginosa, using electrospun COL/GEL nanofibers.

Staphylococcus aureus, a Gram-positive bacterium, is 
ubiquitously found in the environment, necessitating an 
enzyme called lysostaphin that can be anchored to collagen 
molecular structure for its proliferation, as observed in stud-
ies by (Ghasemian et al. 2015) and (Shan et al. 2019). On 
the other hand, Escherichia coli, a Gram-negative bacterium, 
boasts an extensive range of bioproducts in its regular path-
ways, such as acetate, ethanol, formate, and succinate, as 
evidenced in the research by Li et al. (2017).

Furthermore, Pseudomonas aeruginosa, known for pro-
ducing siderophores—element-specific ligands that induce 
pH variation in solutions and enhance thorium and uranium 
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chelation, according to findings by (Desouky et al. 2016)—
also synthesizes various pigments. Among these, pyocya-
nin, a green–blue soluble pigment, serves as a biosensor in 
diverse fields like agriculture, medicine, and the environ-
ment, as highlighted in the research by Zhou et al. (2022).

This research introduces novelty on multiple fronts: 
firstly, it proposes the utilization of electrospun GEL/COL 
nanofibers as substrates in bioreactors to foster bacterial 
growth, presenting a fresh approach distinct from conven-
tional methods (Massaglia et al. 2021). Secondly, it focuses 
on collagen (COL) and gelatin (GEL), natural polymers with 
diverse applications, particularly in biotechnology, where 
their electrospinning, either alone or combined, has been 
minimally explored (Sell et al. 2010). Thirdly, the study 
identifies a gap in the literature regarding the promotion of 
bacterial growth through nanofibers, contrasting with exist-
ing research that primarily explores inhibitory effects on 
cell growth. By addressing this gap, the research aims to 
provide valuable insights into optimizing bacterial growth 
with nanofiber scaffolds (Berdimurodov et al. 2023). Lastly, 
by focusing on three important industrial bacteria, the study 
aligns with the practical requirements of biotechnological 
applications. Understanding how GEL/COL nanofibers 
can enhance the growth of these bacteria holds significant 
potential for improving bioproduction processes, potentially 
reducing growth time and enhancing overall efficiency (Fu 
et al. 2014; Zhong 2020).

Staphylococcus aureus, Escherichia coli, and Pseu-
domonas aeruginosa are considered industrially relevant 
bacteria due to their diverse applications in biotechnol-
ogy, pharmaceuticals, and environmental sciences. E. coli 
is widely used in recombinant protein production, enzyme 
synthesis, and biofuel generation, making it a cornerstone 
of industrial microbiology. S. aureus plays a significant role 
in bioprocessing, particularly in the production of medically 
relevant enzymes and antimicrobial compounds. P. aerugi-
nosa is known for its ability to produce biosurfactants and 
biopolymers, which are valuable in bioremediation, agricul-
ture, and biopharmaceutical applications. Understanding how 
these bacteria interact with nanofiber scaffolds is crucial for 
optimizing their growth in industrial bioreactors and enhanc-
ing their biotechnological applications (Piatek et al. 2023).

Gelatin is more economically convenient for large-scale 
applications due to its lower cost, wide availability, and 
established production processes. Fish collagen, while more 
expensive, is justified in specialized or high-value applica-
tions where its superior biocompatibility and other specific 
properties are required. Both materials are sustainable as they 
are derived from by-products, but the cost-effectiveness of 
using them will depend heavily on the application and market 
requirements. For many biotechnological purposes, gelatin 
may be the more affordable choice, while fish collagen is 
reserved for premium applications (Lv et al. 2019).

This study presents a unique approach that utilizes GEL/
COL nanofibers as a microbial bioreactor to improve the 
growth of three important industrial bacteria. Our research 
has identified a gap in the existing studies focused on pro-
moting bacterial cell growth using nanofibers, except for 
previous investigations conducted within our research team 
(Velasco-Barraza et al. 2018; Pompa-Monroy et al. 2020, 
2022). On the other hand, many studies have reported inhibi-
tory effects on cell growth (Maliszewska and Czapka 2022; 
Nachev et al. 2022; Abadi et al. 2022). The objective of the 
study is to examine the utilization of GEL/COL nanofib-
ers as an innovative approach to amplify the growth of 
three industrially relevant bacteria (Staphylococcus aureus, 
Escherichia coli, and Pseudomonas aeruginosa) within 
microbial bioreactors. This work seeks to confront the chal-
lenge of efficiently tapping into the full potential of micro-
bial communities for biotechnological advancements.

Methods

Materials

Extra-pure gelatin (VWR, HiMedia Laboratories, MW 
50,000 Daltons), type I fish collagen (Aribun, MW 
1000–3000 Daltons), and glacial acetic acid (Jalmek, ≥ 99% 
purity) were utilized in the electrospinning process without 
undergoing any prior modifications. All remaining chemicals 
are sourced from Sigma-Aldrich unless stated otherwise.

Preparation of polymeric blends

To prepare for the electrospinning process, a solution of 
GEL at 15% w/v in acetic acid was created in borosilicate 
vials and stirred for 2 h at 50 °C (GEL). Additional solutions 
were then prepared by adding 1%, 5%, and 10% of COL 
(resulting in GEL/COL1, GEL/COL5, and GEL/COL10). 
The electrospinning of each sample took place within 14 
days of its preparation.

Electrospinning

The electrospinning setup for nanofiber production com-
prised a random collector and a plastic syringe with a 21 
G × 40 mm needle, used to inject a 1 mL sample solution. 
The collector and injection needle were positioned 15 cm 
apart. The parameters for the procedure included 20 kV volt-
age, a flow rate of 0.80 mL/h, a temperature range of 20–32 
°C, and a humidity level of 20–40%. Continuous monitor-
ing of droplet formation at the needle tip was maintained 
throughout the procedure, and the electrospinning process 
was performed for 1.25 h.
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Scanning electron microscopy (SEM)

The morphology and diameter of the polymeric fibers were 
examined using an SEM (JEOL JSM 7600f field emission 
microscope). Given the non-conductive nature of the sam-
ples, preliminary preparation involving a thin gold layer was 
necessary for analysis; samples were sputter-coated with a 
thin layer of gold before imaging. The gold coating was 
applied using a sputter coater (model XYZ) at 10 mA for 
90 s, resulting in a coating thickness of approximately 10 
nm. This conductive layer minimized charging effects and 
enhanced imaging contrast. Images were captured using an 
accelerating voltage of 20 kV. Image J software was used to 
determine the nanofiber diameter, taking 30 measurements 
from at least two distinct images of each sample. Further-
more, the threshold function of the software was employed 
to calculate the samples’ porosity. Subsequently, the col-
lected data were plotted using Minitab17.

Fourier transform infrared spectroscopy (FTIR)

Attenuated total reflectance (ATR) Fourier transform infra-
red (FTIR) spectroscopy was performed using a diamond 
ATR crystal. The diamond crystal was selected for its dura-
bility, high refractive index, and ability to provide strong 
signal intensities across a broad spectral range. Sample 
spectra were collected in the range of 4000–400 cm⁻1 with 
a resolution of 4 cm⁻1, ensuring accurate identification of 
the functional groups present in the electrospun scaffolds.

Thermogravimetric analysis (TGA)

The thermogravimetric analysis aimed to track the loss 
of polymer mass in terms of temperature variations. This 
examination was conducted using a TGA Q5500 (TA Instru-
ments) apparatus, heating at 10 °C per min from room tem-
perature to 700 °C within a nitrogen atmosphere, utilizing an 
unsealed platinum tray. The resulting thermogram was then 
analyzed via the TA universal analysis software.

Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) was utilized to 
determine both the glass transition temperature (Tm) and 
the degradation temperature (Td). This assessment was con-
ducted using the TA Instruments DSC Q5000, employing 
unsealed aluminum trays with a heating rate of 10 °C per 
min, heating from room temperature to 300 °C under a nitro-
gen atmosphere. The resulting thermogram was analyzed 
using the TA universal analysis software.

Culture medium preparation, inoculation, 
and adjustment

Bacterial strains such as Escherichia coli (ATCC 25922), 
Pseudomonas aeruginosa (ATCC 27853), and Staphylo-
coccus aureus (ATCC 25923) were cultivated in nutrient 
broth no. 1 (Sigma-Aldrich) and minimal salt broth (MSB) 
(Sigma-Aldrich). Nutrient broth no. 1 (Oxoid, CM0001) was 
prepared according to the manufacturer’s instructions, con-
sisting of peptone (10 g/L), beef extract (10 g/L), and sodium 
chloride (5 g/L), dissolved in distilled water and autoclaved 
at 121 °C for 15 min. Modified starch-based (MSB) medium 
was prepared following standard formulations, containing 
soluble starch (10 g/L), tryptone (5 g/L), yeast extract (5 
g/L), dipotassium phosphate (2 g/L), magnesium sulfate (0.2 
g/L), and sodium chloride (5 g/L), adjusted to pH 7.2 before 
sterilization. The broths were dissolved in distilled water in 
25-mL Erlenmeyer flasks (one for each bacteria strain) and 
sterilized at 121 °C for 15 min. The cryopreserved strains 
(0.5 mL) were cultivated in each prepared media and incu-
bated for 18 h at 35 °C. The obtained bacterial suspensions 
were used to subsequently take aliquots that were adjusted 
in nephelometer tubes to 0.5 McFarland with sterile saline 
water.

Bacterial proliferation assay

To test the effect of the fibers on bacterial cultures, 5-mm 
diameter circles of the fibers were placed in triplicate on a 
sterile 96-well plate; 150 µL of sterile nutrient broth and 50 
µL of cell suspension of each bacteria strain adjusted to 0.5 
of the McFarland nephelometer were added. The McFarland 
standard was prepared and verified to ensure consistency 
in bacterial inoculum density. A 0.5 McFarland standard 
was prepared by mixing 0.05 mL of 1.175% (w/v) barium 
chloride dihydrate (BaCl₂·2H₂O) with 9.95 mL of 1% (v/v) 
sulfuric acid (H₂SO₄). The standard was stored in a dark 
bottle and vortexed before use. Optical density (OD) meas-
urements at 600 nm were taken to validate bacterial suspen-
sions, ensuring an OD range of 0.08–0.13, corresponding 
to approximately 1.5 × 10⁸ CFU/mL. Regular calibration 
checks were performed using a spectrophotometer to main-
tain accuracy in bacterial concentration.

As a positive control of bacterial growth, inoculated 
medium was used. The exposed bacteria (Escherichia coli, 
Staphylococcus aureus, and Pseudomonas aeruginosa) were 
incubated at 35 °C for 24, 48, and 72 h. Afterward, absorb-
ance was measured in a microplate reader (Thermo Scien-
tific) at 600 nm. Cell culture concentration was determined 
using Eq. 1.
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Bioreactor assay

For this assessment, GEL scaffolds were selected to compare 
bacterial growth within a bioreactor setup. Bacterial cultures 
were grown in 250-mL Erlenmeyer flasks containing 100 mL 
of the respective media. The flasks were placed on an orbital 
shaker set to 150 rpm at 37 °C to ensure proper aeration 
and homogeneous distribution of nutrients. The dynamic 
conditions facilitated scaffold interaction with the bacte-
rial cultures, mimicking industrial bioreactor environments. 
Accordingly, 200 µL of Pseudomonas aeruginosa, Escheri-
chia coli, and Staphylococcus aureus (each at 0.5 McFarland) 
were introduced into 50 mL of nutrient broth containing elec-
trospun nanofibers of GEL (500 mg), affixed at the base of 
250-mL flasks. Subsequently, these flasks were incubated at 
35 °C with consistent agitation (60 rpm) for 24 h. The dry 
weight was measured using inoculated broth devoid of fibers 
as a control; this facilitated the calculation of the prolifera-
tion percentage. This experimental setup was replicated in 
triplicate to ensure accuracy and consistency in the results.

(1)

% cell proliferation =
Sample optical density

Positive control optical density
× 100%

Results

Scanning electron microscopy (SEM)

SEM micrographs of electrospun samples GEL, GEL/
COL1, GEL/COL5, and GEL/COL10 exhibit a smooth 
surface, indicating the formation of defect-free fibers with-
out cross-linking. The average diameter of the nanofibers 
ranged from 169 ± 30 nm to 235 ± 40 nm (Fig. 1).

The average porosity percentage varied between 50.04 
± 1.52% and 53.52 ± 13.39%, with the GEL/COL5 sam-
ple exhibiting the highest porosity percentage (Table 
Table 3 Relative LE: Please check if the changes made 
to Table 3 are appropriate.increase bacterial proliferation 
percentage in a bioreactor with GEL nanofibers at 35 °C 
and 24 hStrainProliferation (%)Standard deviation(%)E. 
coli↑ 400.48S. aureus↑1500.03P. aeruginosa↑ 350.081). 
Figure 1C showcases the samples’ average diameter and 
standard deviation, revealing an increase in diameter cor-
responding to the rise in COL concentration. This trend is 
also mirrored in the porosity observed in Fig. 1F.

Fig. 1   SEM images of electrospun gelatin/collagen scaffolds, show-
ing fiber morphology and uniform distribution. These structures 
provide a conducive environment for bacterial adhesion and prolif-
eration. SEM micrographs of GEL/COL and the average diameter of 
fibers and the percentage of porosity. A GEL at 25 000 ×. B GEL/

COL1 at 25, 000 ×. C Percentage and standard deviation of the diam-
eter of the samples. D GEL/COL5 at 25, 000 ×. E GEL/COL10 at 25, 
000 ×. F Percentage and standard deviation of porosity of samples. 
Error bars represent 95% confidence intervals
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Thermogravimetric analysis (TGA) and differential 
scanning calorimetry (DSC)

The TGA presented in Fig. 2 displays the degradation curves 
of GEL/COL1, GEL/COL5, GEL/COL10 samples, and pul-
verized COL (control), demonstrating thermal degradation 
attributed to the formation of gaseous products during the 
reaction.

The GEL/COL10 sample exhibited a notably faster deg-
radation rate compared to the COL control. It experienced 
a 5% weight loss at 98.39 °C, whereas with less COL, the 
sample degraded at a similar rate as the control, losing 5% of 
its weight but at a notably lower temperature (45.62–50.41 
°C). The temperature at which 10% weight loss occurred 
was also measured: GEL exhibited this at 256.37 °C, while 
for GEL/COL1, GEL/COL5, GEL/COL10, and COL, the 

temperatures were 189.90 °C, 155.24 °C, 234.35 °C, and 
249.68 °C, respectively. The weight loss of 5 to 10% was 
due to solvent evaporation, which resulted from the boiling 
point of the acetic acid solvent (118 °C) and the moisture 
content in the sample.

Moreover, the degradation temperature for 50% weight 
loss was measured, yielding the following results: GEL at 
368.03 °C, GEL/COL1 at 361.07 °C, GEL/COL5 at 355.84 
°C, GEL/COL10 at 366.70 °C, and COL at 362.42 °C. At 
700 °C, most samples retained a small percentage of their 
original weight, ranging from 3.83 to 16.90%, while GEL 
preserved 17.6% of its total weight.

As per the DSC analysis depicted in Fig. 2C and D, evap-
oration is observed within the range of 73 to 88 °C, likely 
due to moisture absorption by the fibers. Notably, an inter-
ruption is visible in the GEL/COL1 sample, attributed to a 
system error. In contrast, the GEL sample displays distinct 
behavior compared to the COL-containing samples, mani-
festing slight dehydration at 36 °C and transitions at 125 °C, 
280 °C, 212 °C, and 259 °C.

Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra of the samples do not show significant 
differences. Peaks at 3302 cm−1 and around 1300 cm−1 
correspond to the O–H stretches of the alcohol functional 
group. Notably, peaks at 1742 cm−1 and 1450 cm−1 indicate 

Table 1   Average electrospun fiber diameter and average porosity per-
centage of GEL/COL fibers

GEL/COL fibers Electrospun fiber 
diameter

Average porosity 
percentage

GEL (15% gelatin) 151 ± 31 nm 50.04 ± 1.52%
GEL/COL1 166 ± 28 nm 44.11 ± 9.28%
GEL/COL5 191 ± 40 nm 53.52 ± 13.39%
GEL/COL10 213 ± 36 nm 36.38 ± 8.14%

Fig. 2   Thermogravimetric analysis regarding the weight percentage 
of the different GEL and COL membranes. A Weight/temperature 
curve showing the thermal stability of the membranes. B The first 
derivative of the weight/temperature curve indicating degradation 

stages. C, D Differential scanning calorimetry analysis of GEL and 
COL samples, revealing thermal transitions and crystallinity differ-
ences
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C = O stretches of carbonyl groups, while the peak at 1235 
cm−1 represents the bending of carboxylic acids. Further-
more, the presence of the functional amine group (-NH2) is 
apparent from N–H stretches observed at 3300–3400 cm−1. 
This group is prevalent in the amino acid chains of COL and 
GEL, particularly in the basic amino acid Lysine, a key com-
ponent responsible for the fibrous structure of COL. Addi-
tionally, the presence of C-O bonds in secondary alcohols is 
indicated by a peak at 1100 cm−1 (Table 2, Fig. 3).

Cellular proliferation in bacteria

The absorbance measurements shown in Fig. 4 were taken 
at 24, 48, and 72 h. They demonstrate that E. coli growth 
was observed in all samples, with at least 20% more growth 
than the positive control. The latter is particularly evident 
at 72 h since the percentage of proliferation increases with 
the increasing amount of COL with a proliferation rate of 
approx. 55%, compared to the bacterial suspension, is sig-
nificantly different (ANOVA p < 0.05). This suggests the 
potential suitability of these membranes for various biotech-
nological or industrial applications (Fig. 4A).

Concerning S. aureus, the results after 24 h indicate a 
significant growth of at least 20% in all nanofiber samples 
compared to the control (Fig. 4B). After 48 h, the GEL sam-
ple stands out as the only membrane showing a substantial 
50% increase in proliferation compared to the control. At 

72 h, the GEL and GEL/COL1 membranes demonstrated 
heightened bacterial proliferation compared to the control. 
However, the effectiveness of the GEL nanofibers dimin-
ishes with time, from a 50% proliferation ratio (24 h) to 20% 
(72 h) compared to the bacterial suspension. Conversely, 
the GEL/COL5 and GEL/COL10 membranes exhibit less 
proliferation than the control, possibly due to the elevated 
collagen concentration.

This decline in effectiveness may be attributed to factors 
such as nutrient depletion or changes in the microenviron-
ment over time (Galo et al. 2021).

For P. aeruginosa, Fig. 4C illustrates the suppression of 
bacterial growth evident in the GEL/COL1, GEL/COL5, and 
GEL/COL10 membranes, registering 3% lower prolifera-
tion than the control at 24 h. Over 48 and 72 h, all samples 
displayed reduced bacterial proliferation compared to the 
positive control. Nevertheless, GEL nanofibers exhibit the 
highest proliferation rate (35%) among all the samples com-
pared with the bacterial suspension. Additionally, there is a 
decrease in proliferation as time increases in the GEL sam-
ples, as observed with Staphylococcus aureus bacteria. This 
suggests that the fibrous material restricts bacterial prolifera-
tion, hinting at potential applications in tissue engineering. 
This unexpected result suggests that the GEL nanofibers may 
provide a conducive environment for P. aeruginosa growth 
(LaBauve and Wargo 2012; Jafari et al. 2020).

Interestingly, a decrease in proliferation is observed over 
time in the GEL samples, similar to the trend observed with 
Staphylococcus aureus bacteria. This temporal decline in 
bacterial proliferation may be attributed to various factors, 
including nutrient depletion, microenvironment changes, or 
nanofiber materials’ inherent properties (Shineh et al. 2023).

Bioreactor assay

The investigation showed that incorporating GEL nanofib-
ers at the base of a bioreactor-style prototype resulted in 

Table 2   Functional groups that can be visualized in FTIR

Functional group Wavelength (cm−1)

O–H (alcohol) 3650–2300, 1500–1300
C = O (carboxylic acid) 1725–1750
-NH2 (bending) 3300–3400
-COOH 1300–1200
C-O (a secondary alcohol) ≈ 1

Fig. 3   FTIR spectra of the GEL/
COL scaffolds with varying 
gelatin concentrations, illus-
trating key functional groups 
associated with protein-based 
materials and their stability
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Fig. 4   Bacterial proliferation 
on different scaffold composi-
tions, highlighting the enhanced 
growth of Staphylococcus 
aureus and selective suppres-
sion of Pseudomonas aerugi-
nosa under specific conditions. 
A Percentage of proliferation of 
Escherichia coli. B Percentage 
of proliferation of Staphylococ-
cus aureus. C Percentage of 
proliferation of Pseudomonas 
aeruginosa. **** value 
statistically significant when 
p < 0.0001; not statistically 
significant when p > 0.05. *p < 
0.05; **p < 0.01; ***p < 0.001; 
****p < 0.0001
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enhanced growth for all strains compared to the control 
of inoculated medium without nanofibers. According to 
Table 3, S. aureus exhibited the highest proliferation rate 
at 128% (as observed in the cellular proliferation assay, 
vide supra) followed by E. coli at 40%, and finally, P. 
aeruginosa at 34%, higher than the growth observed in 
the medium inoculated without fibers (control).

The provided proliferation data for Escherichia coli, 
Staphylococcus aureus, and Pseudomonas aeruginosa, 
along with comparisons to literature, offers valuable 
insights into the impact of GEL 15 nanofibers on bacte-
rial growth. Escherichia coli, a commonly studied bacte-
rium, displayed a proliferation rate of 40.05%, aligning 
well with its expected growth characteristics. Typically, 
E. coli exhibits a rapid generation time of around 17 min 
under optimal conditions, resulting in exponential growth 
over time. This suggests that the presence of GEL 15 
nanofibers may provide a conducive environment for E. 
coli proliferation, albeit at a moderate rate compared to 
other strains (Tuttle et al. 2021).

In contrast, Staphylococcus aureus demonstrated a sig-
nificantly higher proliferation rate of 128.34%, indicat-
ing robust growth in the presence of GEL 15 nanofibers. 
Literature suggests that S. aureus has a longer generation 
time than E. coli, usually ranging from 27 to 30 min. 
However, the observed proliferation rate surpasses expec-
tations, suggesting that the nanofibers may offer specific 
benefits that enhance the growth of S. aureus. This find-
ing is particularly noteworthy given the clinical relevance 
of S. aureus, a pathogenic bacterium implicated in various 
infections (Zaharia et al. 2013).

Pseudomonas aeruginosa, known for its resilience and 
versatility, exhibited a proliferation rate of 34.53%, con-
sistent with its longer generation time than E. coli and S. 
aureus. Literature suggests that P. aeruginosa typically 
has a generation time of around 75 min. While its pro-
liferation rate was lower compared to the other strains, it 
still indicates growth in the presence of GEL 15 nanofib-
ers, highlighting the potential utility of these nanofibers 
in supporting the growth of diverse bacterial species (Qin 
et al. 2022).

Discussions

Using extra-pure gelatin and type I fish collagen in elec-
trospun nanofibers offers significant benefits for biotech-
nological applications, especially in promoting bacterial 
growth. Both materials are natural biopolymers with excel-
lent biocompatibility, providing a non-toxic environment 
that supports cellular adhesion and proliferation (El-Seedi 
et al. 2023).

Gelatin and collagen provide an ideal microenviron-
ment for bacterial growth due to their unique biochemical 
composition and physicochemical properties. As natural 
biopolymers, they are rich in peptides and amino acids 
such as glycine, proline, and hydroxyproline, which serve 
as essential nitrogen sources for bacterial metabolism 
(Irastorza et al. 2021). Many bacteria, including Staphy-
lococcus aureus, possess specialized collagen-binding pro-
teins such as microbial surface components recognizing 
adhesive matrix molecules (MSCRAMMs), which enhance 
their ability to attach to collagen-based scaffolds. This 
inherent biological affinity not only promotes adhesion 
but also facilitates robust biofilm formation, a key factor 
in bacterial proliferation within bioreactors (Kang et al. 
2013). Another crucial advantage of gelatin and collagen 
is their hydrophilicity and high-water retention capacity. 
These proteins create a moist microenvironment that sup-
ports bacterial viability by facilitating nutrient diffusion 
and oxygen transport (Olteanu et al. 2024). Hydration 
also plays a significant role in maintaining a dynamic and 
conducive surface for bacterial proliferation, particularly 
for biofilm-forming species like Pseudomonas aerugi-
nosa. The enhanced diffusion properties of these biopol-
ymers ensure that metabolic by-products are efficiently 
exchanged, preventing localized depletion of essential 
growth factors (Vilas Boas et al. 2024).

The electrospun fibers’ resultant fibrous, porous struc-
ture mimics the extracellular matrix (ECM) in biological 
tissues, facilitating bacterial attachment and enhancing 
nutrient exchange due to the high surface area. This is vital 
for efficient bacterial growth and essential in processes like 
fermentation and biocatalysis (Law et al. 2017). Addition-
ally, the combination of gelatin and collagen improves the 
mechanical stability of the nanofibers, ensuring durability 
during bacterial cultivation. This blend provides a resilient 
scaffold for various biotechnological applications (Gao 
et al. 2016; Sabarees et al. 2024).

The combination of gelatin and collagen in scaffolds 
allows for better control over degradation rates. Gelatin 
degrades faster, while collagen provides longer structural 
stability. This blend can be tuned to support sustained 
bacterial growth for specific biotechnological processes 
(Lukin et al. 2022). Their amino acid compositions also 

Table 3   Relative increase bacterial proliferation percentage in a bio-
reactor with GEL nanofibers at 35 °C and 24 h

Strain Proliferation (%) Standard 
deviation
(%)

E. coli ↑ 40 0.48
S. aureus ↑150 0.03
P. aeruginosa ↑ 35 0.08
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enable easy functionalization with bioactive molecules, 
further optimizing bacterial activity (León-López et al. 
2019). Electrospun nanofibers made from extra-pure gela-
tin and type I fish collagen create effective scaffolds for 
bacterial growth due to their biocompatibility, enhanced 
mechanical properties, and controlled degradation (El-
Seedi et al. 2023). Furthermore, nanofibers offer a higher 
surface-area-to-volume ratio, promoting efficient bacterial 
attachment and nutrient exchange, which improves meta-
bolic activity compared to flat films (Haider et al. 2018).

Nanofibers offer significant advantages due to their high 
porosity, which enhances the permeability of nutrients, 
gases, and waste products, promoting bacterial growth. 
Unlike films, with lower porosity and hinder nutrient diffu-
sion, nanofibers better mimic the natural extracellular matrix 
(ECM), creating a more supportive environment for bacteria 
(Jiang et al. 2010). Additionally, nanofibers are mechanically 
flexible, adapting well to changes during bacterial growth, 
while films tend to be stiffer (Beachley and Wen 2010) Their 
high surface area also allows for improved functionalization 
with bioactive molecules or antimicrobial agents, increasing 
their versatility for biotechnological applications. (Villar-
real-Gómez et al. 2024; Villarreal-Gómez et al. 2024).

On the other hand, gelatin can be used for large-scale 
industrial bioreactors, and more robust and stable materials 
like synthetic polymers (e.g., polyethylene glycol), alginate, 
or other hydrogels are often preferred over gelatin due to 
its relatively fast degradation rate and variable mechani-
cal properties. Gelatin’s use is generally more prevalent in 
research, biomedical applications, and niche biotechnologi-
cal processes rather than in large-scale industrial production 
(Łabowska et al. 2021).

Determining the porosity of electrospun scaffolds 
involves analyzing SEM images to measure fiber diameter 
and pore size. For the GEL/COL10 scaffold, larger fibers 
lead to reduced inter-fiber space and lower porosity. In 
comparison, the GEL scaffold has smaller fibers that cre-
ate more inter-fiber space and higher porosity. Variations 
in polymer concentration or solvent composition may also 
affect porosity (Lopez Marquez et al. 2022). In addition to 
SEM analysis, methods like BET analysis and capillary 
flow porosimetry can validate porosity measurements. BET 
assesses specific surface area and pore volume, while capil-
lary flow measures pore size distribution. Combining these 
techniques provides a more comprehensive assessment for 
scaffold design and optimization (Peinador et al. 2023).

Using GEL in electrospinning studies has helped iden-
tify factors that influence nanofiber morphology (Gao 
et al. 2016). Adjusting the concentration of the electrospun 
solution can change nanofiber diameter, while the choice 
of solvent affects size consistency due to viscosity varia-
tions (Jalaja et al. 2016). Solvents like acetic acid main-
tain stable viscosity, resulting in consistent fiber diameters, 

while ethanol and hexafluoro- 2-propanol (HFIP) are also 
commonly used (Aoki et al. 2015). GEL can produce fibers 
ranging from 2–3 µm to 40–50 nm at 8 to 30% w/v concen-
trations (Detta et al. 2010; Zha et al. 2012; Angarano et al. 
2013; Laha et al. 2016; Safdari et al. 2016; Ghassemi and 
Slaughter 2018). Even at higher concentrations, the fibers 
produced show an average diameter of 169 ± 30 nm with a 
smooth surface and no defects such as bead formation.

Collagen (COL) is not commonly used in electrospin-
ning for nanofiber development. However, some studies have 
shown promising results with low COL concentrations in 
fluorinated solvents. For instance, tilapia collagen dissolved 
in HFIP produced fibers averaging 310 ± 117 nm (Timnak 
et al. 2011). Additionally, COL and chondroitin sulfate in 
HFIP resulted in fibers ranging from 50 to 350 nm. Other 
research suggests using milder solvents like acetic acid with 
COL and hyaluronic acid, yielding sub- 300 nm fibers (Fis-
cher et al. 2012). Type A collagen from the equine Achilles 
tendon generated fibers roughly 100 µm in diameter (Zulkifli 
et al. 2023), but pure COL samples were difficult to achieve 
due to low solution viscosity.

Hofman et al. (2012) examined electrospun COL and 
gelatin (GEL) using acetic acid for GEL and HFIP for COL. 
The resulting fiber diameters ranged from 100 to 200 nm, 
aligning with our measurements (179 ± 30 nm for GEL/
COL1, 211 ± 49 nm for GEL/COL5, and 235 ± 40 nm 
for GEL/COL10), demonstrating effective dissolution and 
avoiding aggressive solvents (Hofman et al. 2012).

Thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC) are key techniques for assessing the 
thermal properties of materials, including the presence of 
collagen in gelatin fibers (Samouillan et al. 2011). The sam-
ple’s weight is monitored during heating, revealing distinct 
thermal degradation profiles for collagen and gelatin due to 
their molecular differences. Collagen undergoes degradation 
in stages—water loss, denaturation, and decomposition—
while gelatin, derived from collagen, shows altered degrada-
tion behavior (Bozec and Odlyha 2011). By comparing TGA 
curves of gelatin fibers with and without collagen, variations 
in thermal degradation, such as additional weight loss events 
or shifts in degradation temperature, can indicate collagen 
presence (Renkler et al. 2023).

The thermogravimetric analysis demonstrated that the 
GEL/COL1, GEL/COL5, and GEL/COL10 samples expe-
rienced high-temperature degradation (155 to 234 °C), 
whereas the control temperatures were 256 °C for GEL and 
249 °C for COL. As suggested by prior studies (Laha et al. 
2016; Zhou et al. 2016), this property holds promise for 
potential biomedical applications.

According to León-Mancilla et al. (2016), COL samples 
undergo three phases of weight loss: first due to water loss, 
second attributed to COL combustion at 311.63 °C, and 
third from 450 to 700 °C, where approximately 25% of the 
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combustion residue remains (León-Mancilla et al. 2016). 
T. Zhou et al. (2016) observed COL combustion occurring 
between 190 and 600 °C; in our study, the control COL 
exhibited a combustion temperature of 324 °C based on the 
weight derivative concerning temperature (Zhou et al. 2016). 
According to Mukherjee and Rosolen (2013), measurements 
suggest that the combustion temperature of GEL initiates 
below 200 °C (Mukherjee and Rosolen 2013). In contrast, 
as per Laha et al. (2016), degradation levels peak between 
291 and 500 °C, leaving 24% of the weight as residual waste. 
However, our GEL demonstrated significantly higher stabil-
ity at elevated temperatures, exhibiting a peak around 350 
°C and retaining a residual percentage of 22% at 500 °C 
(Laha et al. 2016).

Similarly, DSC can reveal the thermal transitions of 
gelatin fibers containing collagen, such as denaturation and 
melting, affecting the DSC thermogram’s onset temperature 
and peak shape (Leyva-Porras et al. 2019). TGA and DSC 
together provide complementary insights into the thermal 
properties of gelatin fibers, confirming collagen presence 
and aiding in the characterization of gelatin-based materi-
als for biomedical and industrial applications (Deng et al. 
2018); Patarroyo et al. 2020; McLeod et al. 2024).

For León-Mancilla et al. (2016), the COL sample exhib-
its three peaks. The first endothermic peak ranged between 
85 and 90 °C (León-Mancilla et al. 2016). However, in the 
Foltran et al. (2008) study, this peak was noted at 76 °C and 
112 °C for completely dried samples (Foltran et al. 2008). 
In our samples, the endothermic degradation due to water 
evaporation occurred between 76 and 88 °C, with a rise in 
temperature corresponding to increased COL concentration. 
The second transition, another endothermic peak linked to 
protein denaturation, typically occurs between 275 and 325 
°C. While some studies suggest a narrower range for this 
second peak (Bozec and Odlyha 2011), indicating a tran-
sition between 305 ± 10 °C and 345 ± 10 °C, it was not 
observable in Fig. 2C and D. The final transition was an 
exothermic peak due to COL combustion occurring between 
350 and 425 °C. This peak was not visible in our analysis, 
which concluded at 300 °C; however, these temperatures 
were captured in the TGA analysis.

Acetic acid CH3-COOH typically shows a distinct peak 
in FT-IR at 1706 cm−1 for the C = O bond (Safdari et al. 
2016). However, our FTIR analysis did not detect this peak, 
indicating the absence of acetic acid in the samples.

León-Mancilla et al. (2016) identified a peak at 3285 
cm−1 in COL, corresponding to the amide A (N–H bond) 
(León-Mancilla et al. 2016). Muyonga et al. (2004) noted 
that GEL samples had a broader amide peak and an addi-
tional peak at 2930 cm−1, indicating stable dimeric associa-
tions of carboxylic acids. The glycosylation of COL samples 
may have occurred during electrospinning (Muyonga et al. 
2004).

In the COL sample, peaks were noted at 3500–3000 cm−1 
and 1100–1000 cm−1 due to carbohydrate glycosylation. Zha 
et al. (2012) and Sisson et al. (2009) reported amide peaks 
between 3290 and 3306 cm−1 and 3300 cm−1, respectively, 
while our analysis found a prominent peak at 3302 cm−1 that 
slightly shifted with increased COL concentration. A peak at 
1083 cm−1, linked to carbohydrates in COL, was absent in 
GEL samples (Sisson et al. 2009; Zha et al. 2012).

Observed peak shifts can be linked to variations in molec-
ular interactions within the samples. Increasing collagen 
concentration may alter the local chemical environment 
and interactions with other components, like gelatin. These 
changes can affect the vibrational frequencies of functional 
groups, leading to peak shifts in FTIR spectra (Freudenberg 
et al. 2007). For instance, shifts may result from changes 
in hydrogen bonding, conformational states, or the chemi-
cal environments of specific groups due to differences in 
intermolecular association, cross-linking density, or inter-
actions from varying collagen concentrations (Sionkowska 
et al. 2009).

According to various studies (Foltran et al. 2008; Zha 
et al. 2012; Lu et al. 2015; Erencia et al. 2015; Jalaja et al. 
2016; Laha et al. 2016; León-Mancilla et al. 2016; Safdari 
et al. 2016; Ma et al. 2016), amide II typically exhibits a 
peak from 1560 to 1535 cm−1 due to interactions involv-
ing nitrogen and hydrogen, as well as carbon and hydrogen. 
Our study detected this peak at approximately 1536 cm−1 
for both the GEL and COL samples before and after the 
electrospinning process.

Studies confirm that the amide III band associated with 
the β-sheet structure of collagen is between 1235 and 1240 
cm−1, with this study identifying it at 1236 cm−1, indicating 
hydrogen bonding for the β-structure (Foltran et al. 2008; 
Zha et al. 2012; Lu et al. 2015; Erencia et al. 2015; Jalaja 
et al. 2016; Laha et al. 2016; León-Mancilla et al. 2016; 
Safdari et al. 2016; Ma et al. 2016). The minimal differences 
between the samples and controls of GEL and COL suggest 
no significant structural changes occurred during the elec-
trospinning process, preserving their structure.

In conclusion, the FT-IR analysis did not reveal the 
presence of any residual solvent. The observed peaks were 
assigned to the amide A peak (N–H) in both the GEL and 
COL samples, which were found between 3500 and 3000 
cm⁻1. However, we cannot rule out the possibility of a gly-
cosylation process occurring during electrospinning. Addi-
tionally, the amide II peaks were observed in both GEL and 
COL samples within the range of 1560 to 1535 cm⁻1, with 
no changes detected during the electrospinning process. The 
presence of the amide group was confirmed in all the sam-
ples by observing the v(C = O) band.

Regarding bacterial proliferation, our results indicate that 
collagen in membranes enhances E. coli growth, showcas-
ing their potential for biotechnological applications. This 
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enhanced growth could be due to collagen’s biocompatibil-
ity, providing a favorable environment for bacterial adhesion 
and possibly serving as a nutrient source (Zhang et al. 2023).

The significant difference in proliferation rates between 
collagen-containing samples and bacterial suspension 
(ANOVA, p < 0.05) emphasizes the role of collagen mem-
branes in promoting bacterial growth. These findings could 
impact tissue engineering, wound healing, and bioremedia-
tion. Further research is essential to understand the mech-
anisms and optimize collagen formulations for specific 
applications, advancing our knowledge of bacterial and 
biomaterial interactions (Dutta et al. 2021).

The findings on S. aureus highlight the complex relation-
ship between biomaterial composition and bacterial behav-
ior. While GEL may initially encourage bacterial growth, its 
effectiveness decreases over time. Conversely, GEL/COL1 
membranes with collagen support longer-term bacterial 
proliferation, enhancing our understanding of biomaterial 
impacts on bacterial dynamics and guiding future optimiza-
tion (Takallu et al. 2024).

Finally, for P. aeruginosa, GEL nanofibers can either 
restrict or promote growth, suggesting potential applications 
in tissue engineering for regulating bacterial colonization to 
aid tissue regeneration or prevent infection. Further research 
is necessary to understand these effects on nanofiber mem-
branes and their biomedical applications (Gul et al. 2021).

Our group has focused on studying bacterial mat forma-
tions for biotechnological applications (Velasco-Barraza 
et al. 2018; Pompa-Monroy et al. 2020, 2022), which sets 
us apart from most studies that emphasize antibacterial 

activity (Augustine et al. 2016; Álvarez-Suárez et al. 2020; 
Gul et al. 2021; Chiloeches et al. 2022). To effectively 
compare our results with existing literature, we must con-
sider factors such as bacterial growth rates, material com-
position, and the specific applications of the formulations 
(Bonnet et al. 2020) (see Table 4). Notably, there is limited 
research on the use of electrospun fibers to enhance bacte-
rial growth, making our work pioneering in this field.

The GEL/COL nanofibers in this study showed a 128% 
proliferation of Staphylococcus aureus over 72 h, indi-
cating their potential for bacterial cultivation in biotech-
nological applications. In contrast, PAA/ALG nanofibers 
(90:10) displayed a 127% increase in Streptomyces spp. 
growth in just 24 h, showcasing their efficiency in applica-
tions requiring rapid microbial growth (Velasco-Barraza 
et al. 2018).

The PCL/curcumin nanofibers showed a proliferation rate 
of 137% for E. coli in 12 to 24 h, indicating their poten-
tial for rapid bacterial cultivation. In contrast, PCL/Lac and 
PCL/Gly fibers achieved approximately 153% proliferation 
of S. aureus over 48 h, presenting another strong option for 
bacterial growth enhancement. These findings highlight the 
versatility of nanofibrous materials in microbial applications 
(Pompa-Monroy et al. 2020).

GEL/COL nanofibers have a diameter of 300–500 nm, 
which is favorable for bacterial interaction, similar to the 
PAA/ALG fibers at 339 ± 61 nm. Both types support bacte-
rial adhesion and growth. In contrast, PCL/curcumin fibers 
are larger at 441 ± 154 nm, while PCL/Lac and PCL/Gly 
fibers range from 313 to 766 nm. These diameter differences 

Table 4   Comparative studies from our group of electrospun fibers proposed for biotechnological purposes

ALG alginate, COL collagen, CS chitosan, Cs carbon source, GEL gelatin, Gly glycine, Lac lactose, PAA poly (acrylic acid), PCL polycaprolac-
tone, Ns nitrogen source.

Study Effective formulation Bacterial proliferation Electrospun fiber 
diameter

Application Reference

GEL/COL Nanofibers GEL (15% gelatin) 150% proliferation of 
S. aureus in 24 h

151 ± 31 nm Bacterial cultivation 
for biotechnology

Present study

GEL/COL1 138% proliferation of 
E. coli in 72 h

166 ± 28 nm

GEL/COL5 160% proliferation of 
E. coli in 72 h

191 ± 40 nm

GEL/COL10 175% proliferation of 
E. coli in 72 h

213 ± 36 nm

PAA, PAA/CS, and 
PAA/ALG Nanofib-
ers

PAA/ALG
(90:10)

127% proliferation of 
Streptomyces spp., 
in 24 h

339 ± 61 nm Biotechnological 
applications

(Velasco-Barraza et al. 
2018)

PCL/Curcumin 
Nanofibers

PCL/CUR3
(5% Curcumin)
(10% PCL)

137% proliferation 
of E. coli in 12 and 
24 h

441 ± 154 nm Biotechnological 
applications

(Pompa-Monroy et al. 
2020)

PCL/Cs and PCL/Ns 
nanofibers

PCL/Lac and PCL/
Gly fibers

(13% PCL) (0.16% 
Lac and Gly)

 ~ 153% and ~ 142% 
proliferation of S. 
aureus in 48 h

313 to 766 nm Water bioremediation (Pompa-Monroy et al. 
2022)
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may affect surface properties and bacterial dynamics 
(Pompa-Monroy et al. 2022).

This current research focuses on bacterial cultivation for 
biotechnology, highlighting the effectiveness of PAA/ALG 
fibers for various biotechnological applications (Velasco-
Barraza et al. 2018). PCL/curcumin fibers are also suitable 
for microbial studies (Pompa-Monroy et al. 2020), while 
PCL/Lac and PCL/Gly fibers are specifically designed for 
water bioremediation, demonstrating the diverse potential 
of different nanofiber formulations (Pompa-Monroy et al. 
2022).

The analysis shows that GEL/COL nanofibers are com-
petitive in promoting bacterial proliferation for biotech-
nological applications. While some studies report higher 
growth rates, the GEL/COL nanofibers demonstrate strong 
potential for effective bacterial cultivation over 72 h, indicat-
ing promising opportunities for robust growth in biotechno-
logical contexts.

The bioreactor assay highlights the effectiveness of GEL 
15 nanofibers in promoting Staphylococcus aureus growth. 
This finding has implications for biomedical and biotech-
nological applications that require bacterial proliferation. 
Further research is needed to explore the underlying mecha-
nisms for optimizing nanofiber platforms (Haider et al. 2018; 
Larue et al. 2024).

The remarkable enhancement in Staphylococcus aureus 
growth observed in the bioreactor assay (128%) suggests that 
the gelatin/collagen (GEL/COL) scaffolds provide a highly 
favorable environment for bacterial proliferation. Several 
potential mechanisms could explain this effect, including 
direct interactions between S. aureus and gelatin/collagen, 
as well as the role of these scaffolds as a nutrient source 
(Wang et al. 2023).

Collagen and gelatin, both structural proteins, influence 
bacterial adhesion and growth. S. aureus has collagen-
binding adhesins, like MSCRAMMs, which help it attach 
to extracellular matrix proteins, enhancing colonization and 
biofilm formation. Lysostaphin, associated with S. aureus, 
may also facilitate bacterial survival through collagen inter-
actions (Kang et al. 2013). Gelatin, being a hydrolyzed col-
lagen, promotes bacterial adhesion due to its solubility and 
availability of peptide sequences recognized by S. aureus 
adhesins. This interaction likely leads to high proliferation 
rates with GEL scaffolds, especially in bioreactor assays 
with constant agitation (Madani et al. 2017).

Gelatin/collagen scaffolds may enhance S. aureus growth 
by providing a supplementary nutrient source. During incu-
bation, gelatin hydrolysis releases essential peptides and 
amino acids like glycine and proline, supporting bacterial 
metabolism and biofilm formation (Madani et al. 2017). 
Furthermore, the porous structure of electrospun nanofib-
ers facilitates nutrient retention, creating microenvironments 
with concentrated metabolites. This capability may promote 

faster cell division and higher biomass accumulation, espe-
cially in the dynamic conditions of a bioreactor, compared 
to static culture assays (Lu et al. 2024).

The increase in S. aureus growth indicates that gelatin/
collagen nanofibers may be effective substrates for microbial 
bioreactors in biotechnology. These scaffolds can enhance 
bacterial proliferation, potentially enabling the production 
of important bioproducts. Additionally, studying the interac-
tions between bacteria and biomaterials can help optimize 
scaffold composition for specific microbial cultures (Urso 
et al. 2024).

Interestingly, suppressing Pseudomonas aeruginosa 
growth in certain nanofiber conditions raises questions 
about whether it’s a limitation or an exploitable feature. 
This reduced proliferation may stem from factors such as the 
nanofiber composition, nutrient availability, and bacterial 
response mechanisms (LaBauve and Wargo 2012). Gelatin/
collagen scaffolds may create a microenvironment that is 
less favorable for P. aeruginosa adherence and biofilm for-
mation, as it lacks the affinity for gelatin-based substrates 
that S. aureus has for collagen. Additionally, if the scaffold 
mainly provides nutrients favoring S. aureus, P. aerugi-
nosa may not receive enough resources for optimal growth 
(Oliveira et al. 2023; Zhou et al. 2023).

From a biotechnological perspective, suppressing P. aer-
uginosa can be beneficial when selective bacterial growth 
is needed, such as in processes relying on S. aureus-derived 
products. Conversely, if P. aeruginosa is required, modifica-
tions like surface functionalization or alternative polymer 
compositions can optimize its growth (Shah et al. 2024). 
Future research should focus on adjusting scaffold proper-
ties—such as porosity, cross-linking density, and bioactive 
molecule incorporation—to better control microbial interac-
tions in nanofiber-based bioreactors (Serrano-Aroca et al. 
2022; Shishparenok et al. 2024).

Using GEL/COL fibers has notable advantages. Accord-
ing to Grover et al. (2012), non-cross-linked nanofibers 
degrade completely in about 1 h in PBS. Additionally, non-
cross-linked gelatin-collagen scaffolds lose 85% of their 
mass after 14 days of incubation, eliminating the need for a 
separation process to collect by-products of bacterial metab-
olism from the bioreactor (Grover et al. 2012).

The discrepancy between the cellular proliferation assay 
and the bioreactor assay results for Pseudomonas aerugi-
nosa may stem from differing experimental conditions and 
the dynamic nature of bacterial growth. The controlled labo-
ratory conditions of the cellular assay contrast with the more 
complex environment of the bioreactor, which could have 
provided growth-promoting factors or facilitated interactions 
with other microorganisms, resulting in enhanced prolifera-
tion (Konopacki et al. 2022).

The variability and limitations of each assay, such as 
sampling techniques and sensitivity, may have impacted the 
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results. While the cellular proliferation assay offers insights 
into bacterial growth in controlled conditions, the bioreactor 
assay provides a broader understanding of bacterial behavior 
in complex environments. Thus, careful interpretation and 
validation across multiple assays are crucial for understand-
ing the mechanisms behind P. aeruginosa proliferation and 
its growth dynamics (Adan et al. 2016).

Escherichia coli, Staphylococcus aureus, and Pseu-
domonas aeruginosa are bacteria with important industrial 
applications in biotechnology and bioprocessing (Araujo 
et al. 2022) (Fig. 5). E. coli is commonly used for produc-
ing recombinant proteins, enzymes, and hormones due to 
its rapid growth and well-defined genetics (Fakruddin et al. 
2013). It’s also utilized in biofuel production, metabolizing 
sugars from biomass to create alternatives like ethanol and 
butanol, supporting sustainable energy (Koppolu and Vasi-
gala 2016). Additionally, engineered E. coli strains can pro-
duce organic acids such as acetic, lactic, and succinic acid, 
which have various uses in food, pharmaceuticals, and biode-
gradable plastics (Mazumdar et al. 2010; Dulnik et al. 2016).

Certain strains of Staphylococcus aureus produce 
enzymes like lipases and proteases, which are used in indus-
tries such as food processing, detergent manufacturing, and 
bioremediation (Raveendran et al. 2018). While S. aureus 
is often linked to antibiotic resistance, some strains pro-
duce antibiotics like aureomycin, used in agriculture and 
clinical treatments (Xu et al. 2022). Additionally, S. aureus 

bacterial mats have applications in medical device manufac-
turing, offering coatings to prevent bacterial colonization on 
implants (Idrees et al. 2021).

Finally, Pseudomonas aeruginosa strains produce vari-
ous biopolymers like alginate and rhamnolipids. Alginate 
is valued in food, pharmaceuticals, and wound care for its 
gelling and emulsifying properties, while rhamnolipids are 
used in bioremediation, enhanced oil recovery, and personal 
care products (Soberón‐Chávez et al. 2021). Additionally, 
P. aeruginosa produces biosurfactants utilized in cosmet-
ics, agriculture, and environmental cleanup by emulsifying 
hydrophobic substances and degrading pollutants (Ambaye 
et  al. 2021). Certain strains also synthesize industrial 
enzymes like oxidases, dehydrogenases, and lipases, which 
serve as biocatalysts in the production of pharmaceuticals, 
fine chemicals, and biodegradable polymers (Timnak et al. 
2011). Overall, Escherichia coli, Staphylococcus aureus, 
and Pseudomonas aeruginosa provide a wealth of valuable 
applications in biotechnology and bioprocessing.

Future research should focus on optimizing gelatin/col-
lagen scaffolds for long-term bioreactor applications, ensur-
ing their structural stability and sustained bacterial support 
over extended operational cycles. Studies should investigate 
advanced cross-linking strategies or composite formulations 
to enhance mechanical resilience while maintaining biodeg-
radability (Dhand et al. 2016; Zhao et al. 2021). Additionally, 
optimizing scaffold composition and architecture through 

Fig. 5   Potential industrial products derived from the bacterial mats grown in GEL/COL electrospun scaffolds
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nanostructuring or surface modifications could improve bac-
terial adhesion, nutrient exchange, and metabolic efficiency. 
Scaling up these bioreactors requires process engineer-
ing approaches to integrate gelatin/collagen scaffolds into 
industrial fermentation systems, assessing their efficiency in 
large-scale microbial production of biofuels, enzymes, and 
biopolymers (Samyn et al. 2023). Life cycle assessments 
(LCAs) should also be conducted to quantify the environ-
mental impact of using gelatin/collagen scaffolds compared 
to synthetic alternatives, evaluating their carbon footprint, 
resource consumption, and waste reduction potential. Fur-
thermore, interdisciplinary research combining biomateri-
als science, microbiology, and process engineering will be 
essential to fully harness the potential of these biopolymers 
in sustainable biomanufacturing (Rudolf et al. 2024).

The use of collagen and gelatin (COL/GEL) nanofibers 
often involves repurposing natural sources from industries 
like food processing and aquaculture, aligning sustainability 
principles and offering economic and environmental benefits 
(Coppola et al. 2020). Collagen and gelatin, sourced from 
animal by-products such as bones and skin, are prevalent in 
meat processing and fish farming. By converting these waste 
materials into COL/GEL nanofibers, researchers support the 
circular economy, enhancing resource efficiency and reduc-
ing environmental impact. This repurpose not only adds 
value to low-value materials but also creates new revenue 
streams while minimizing the demand for virgin resources 
and associated pollution from waste disposal (Rajabimash-
hadi et al. 2023).

Incorporating this sustainable perspective of COL/GEL 
nanofibers in bacterial bioreactor discussions emphasizes 
their eco-friendly potential and encourages interdisciplinary 
collaborations across biotechnology, food science, and envi-
ronmental sustainability (Prokisch et al. 2023).

Applications in bioreactors can be improved by incor-
porating cross-linkers into COL/GEL nanofibers; however, 
this method has both advantages and disadvantages for bio-
reactor uses. It enhances stability and mechanical strength, 
offering better support for bacterial growth and ensuring 
structural integrity over time. This stability can reduce sub-
strate replacement frequency and improve bacterial cultiva-
tion efficiency. Additionally, controlled degradation from 
cross-linking aids in collecting bacterial by-products and 
streamlining bioreactor workflows (Furuike et al. 2016; 
Campiglio et al. 2019).

Cross-linking in COL/GEL nanofibers can present some 
potential drawbacks. When cross-linking is excessive, it 
may reduce the biodegradability of the nanofibers, which 
can hinder their resorption and remodeling by the body. 
This reduction can negatively impact tissue regeneration in 
biomedical applications. Moreover, cross-linking can lead 
to changes in the mechanical properties of the nanofibers, 
such as increased stiffness, which may compromise the 

flexibility essential for optimal bacterial adhesion in bioreac-
tors. Therefore, it is crucial to carefully consider the degree 
of cross-linking in COL/GEL nanofibers to enhance their 
effectiveness while minimizing these drawbacks (Li et al. 
2021). This cross-linking approach remains unexplored, but 
it could be novel for future research.

While this study did not compare GEL/COL fibers with 
films for bacterial proliferation, a key benefit of electrospun 
nanofibers is their high surface area-to-volume ratio, which 
promotes bacterial adhesion and growth. This feature allows 
for improved nutrient exchange, fostering an environment 
conducive to bacterial proliferation. In contrast, films have 
a limited surface area that restricts nutrient accessibility 
essential for robust bacterial growth (El-Seedi et al. 2023).

Electrospun nanofibers have a porous structure that 
enhances the permeability of nutrients, gases, and waste, 
closely resembling natural extracellular matrices. This 
encourages better bacterial colonization and growth pat-
terns compared to GEL or COL films, which lack poros-
ity and may restrict bacterial growth due to limited nutrient 
exchange (Chen et al. 2024). Experimental results highlight 
the effectiveness of electrospun GEL fibers containing 15% 
gelatin, which supported significant bacterial proliferation. 
For example, Staphylococcus aureus exhibited over 100% 
growth within 24 h on these nanofibers, outperforming films, 
which provide a less dynamic environment. The superior 
growth rates are linked to the nanofibers’ ability to create 
an optimal microenvironment for bacterial cultures (Dadras 
Chomachayi et al. 2018).

Combining GEL and COL in nanofibers allows for tun-
able degradation rates, promoting sustained bacterial growth 
in dynamic environments like bioreactors. In contrast, GEL 
or COL films degrade more slowly and lack the necessary 
adaptability for applications requiring structural changes. 
Nanofibers are thus more suitable for continuous bacterial 
proliferation. Furthermore, electrospun nanofibers demon-
strated significant advantages in bioreactor setups, with GEL 
nanofibers achieving up to 150% proliferation for Staphylo-
coccus aureus, outperforming controls and traditional films. 
While films are durable, they are less effective in dynamic 
conditions, making nanofibers superior due to their struc-
tural and interactive properties.

This study investigated four variations of GEL/COL 
nanofiber scaffolds for stimulating bacterial growth in bio-
reactors. The nanofibers, with diameters between 169 and 
235 nm and about 50% porosity, demonstrated good chemi-
cal stability. Increasing collagen concentration produced 
thicker fibers without compromising thermal stability. Nota-
bly, GEL (15% gelatin) significantly enhanced Staphylococ-
cus aureus growth, achieving over 100% proliferation in 24 
h, while higher collagen levels in GEL/COL5 and GEL/
COL10 reduced bacterial growth. The findings highlight 
the effectiveness of GEL/COL nanofibers as a substrate for 
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cultivating bacteria, especially in biotechnological applica-
tions. Bacterial proliferation assays with Escherichia coli, 
Staphylococcus aureus, and Pseudomonas aeruginosa con-
firmed their potential for enhancing bacterial cultures.

Acknowledgements  The authors thank Universidad Nacional 
Autónoma de México and its technicians: QFB Karla Eriseth Reyes 
Morales (TGA and DSC), Karla Oyuki Juárez Moreno (MTT assay), 
Quim. Miguel Ángel Canseco Martínez (FTIR), and Dr. Omar Novelo 
Peralta (SEM).

Author contribution  Writing—original draft: DAPM and LJVG. 
Investigation: DAPM, SGD, and GLPG. Formal analysis: RVG, SGD, 
GLPG, ALI, and LJVG. Resources: RVG. Writing—review and edit-
ing: RVG, SGD, GLPG, NB, ALI, and LJVG. Methodology: NB. Con-
ceptualization: LJVG. Funding acquisition: LJVG. Project administra-
tion: LJVG.

Funding  This work was supported by “Consejo Nacional de Humani-
dades, Ciencia y Tecnología (CONAHCYT)” for its grant known as 
“Fondo de Cooperación Internacional en Ciencia y Tecnología del 
CONAHCYT (FONCICYT)” in its grant named as “Convocatoria 
Conjunta de Movilidad 2015 CONACYT-DST México-India” with 
CONAHCYT project number 266380 and SICASPI-UABC number 
351/6/C/63/7; to PAPIIT-UNAM, grant IN108116; and also, for grants 
CONHACYT CF- 19 N0. 140617 and PAPIIT-UNAM, IG200423.

Data availability  The datasets and materials from this study can be 
available upon request to interested researchers.

Declarations 

Ethical approval  This article does not contain any studies with human 
participants or animals performed by any of the authors.

Competing interests  The authors declare no competing interests.

Open Access   This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, 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 Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted 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 licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abadi B, Goshtasbi N, Bolourian S, Tahsili J, Adeli-Sardou M, 
Forootanfar H (2022) Electrospun hybrid nanofibers: fabrication, 
characterization, and biomedical applications. Front Bioeng Bio-
technol 10:986975. https://​doi.​org/​10.​3389/​fbioe.​2022.​986975

Adan A, Kiraz Y, Baran Y (2016) Cell Proliferation and Cytotoxicity 
Assays CPB 17:1213–1221. https://​doi.​org/​10.​2174/​13892​01017​
66616​08081​60513

Álvarez-Suárez AS, Dastager SG, Bogdanchikova N, Grande D, 
Pestryakov A, García-Ramos JC, Pérez-González GL, Juárez-
Moreno K, Toledano-Magaña Y, Smolentseva E, Paz-González 
JA, Popova T, Rachkovskaya L, Nimaev V, Kotlyarova A, 
Korolev M, Letyagin A, Villarreal-Gómez LJ (2020) Electro-
spun fibers and sorbents as a possible basis for effective com-
posite wound dressings. Micromachines 11:441. https://​doi.​org/​
10.​3390/​mi110​40441

Ambaye TG, Vaccari M, Prasad S, Rtimi S (2021) Preparation, char-
acterization and application of biosurfactant in various indus-
tries: a critical review on progress, challenges and perspectives. 
Environ Technol Innov 24:102090. https://​doi.​org/​10.​1016/j.​eti.​
2021.​102090

Angarano M, Schulz S, Fabritius M, Vogt R, Steinberg T, Tomakidi 
P, Friedrich C, Mülhaupt R (2013) Layered gradient nonwovens 
of in situ crosslinked electrospun collagenous nanofibers used 
as modular scaffold systems for soft tissue regeneration. Adv 
Funct Materials 23:3277–3285. https://​doi.​org/​10.​1002/​adfm.​
20120​2816

Aoki H, Miyoshi H, Yamagata Y (2015) Electrospinning of gelatin 
nanofiber scaffolds with mild neutral cosolvents for use in tis-
sue engineering. Polym J 47:267–277. https://​doi.​org/​10.​1038/​
pj.​2014.​94

Araujo J, Monteiro J, Silva D, Alencar A, Silva K, Coelho L, Pacheco 
W, Silva D, Silva M, Silva L, Monteiro A (2022) Surface-active 
compounds produced by microorganisms: promising molecules 
for the development of antimicrobial, anti-inflammatory, and 
healing agents. Antibiotics 11:1106. https://​doi.​org/​10.​3390/​
antib​iotic​s1108​1106

Augustine R, Kalarikkal N, Thomas S (2016) Electrospun PCL mem-
branes incorporated with biosynthesized silver nanoparticles as 
antibacterial wound dressings. Appl Nanosci 6:337–344. https://​
doi.​org/​10.​1007/​s13204-​015-​0439-1

Beachley V, Wen X (2010) Polymer nanofibrous structures: fabrica-
tion, biofunctionalization, and cell interactions. Prog Polym Sci 
35:868–892. https://​doi.​org/​10.​1016/j.​progp​olyms​ci.​2010.​03.​003

Berdimurodov E, Dagdag O, Berdimuradov K, Wan Nik WMN, Eli-
boev I, Ashirov M, Niyozkulov S, Demir M, Yodgorov C, Aliev 
N (2023) Green electrospun nanofibers for biomedicine and bio-
technology. Technologies 11:150. https://​doi.​org/​10.​3390/​techn​
ologi​es110​50150

Bhagwat PK, Dandge PB (2018) Collagen and collagenolytic proteases: 
a review. Biocatal Agric Biotechnol 15:43–55. https://​doi.​org/​10.​
1016/j.​bcab.​2018.​05.​005

Blosi M, Costa AL, Ortelli S, Belosi F, Ravegnani F, Varesano A, 
Tonetti C, Zanoni I, Vineis C (2021) Polyvinyl alcohol/silver 
electrospun nanofibers: biocidal filter media capturing virus-size 
particles. J of Applied Polymer Sci 138:51380. https://​doi.​org/​
10.​1002/​app.​51380

Bonnet M, Lagier JC, Raoult D, Khelaifia S (2020) Bacterial culture 
through selective and non-selective conditions: the evolution 
of culture media in clinical microbiology. New Microbes and 
New Infections 34:100622. https://​doi.​org/​10.​1016/j.​nmni.​2019.​
100622

Bozec L, Odlyha M (2011) Thermal denaturation studies of collagen 
by microthermal analysis and atomic force microscopy. Biophys 
J 101:228–236. https://​doi.​org/​10.​1016/j.​bpj.​2011.​04.​033

Campiglio CE, Contessi Negrini N, Farè S, Draghi L (2019) Cross-
linking strategies for electrospun gelatin scaffolds. Materials 
12:2476. https://​doi.​org/​10.​3390/​ma121​52476

Campiglio CE, Ponzini S, De Stefano P, Ortoleva G, Vignati L, Draghi 
L (2020) Cross-linking optimization for electrospun gelatin: chal-
lenge of preserving fiber topography. Polymers 12:2472. https://​
doi.​org/​10.​3390/​polym​12112​472

Chen S, Xie Y, Ma K, Wei Z, Ran X, Fu X, Zhang C, Zhao C (2024) 
Electrospun nanofibrous membranes meet antibacterial 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fbioe.2022.986975
https://doi.org/10.2174/1389201017666160808160513
https://doi.org/10.2174/1389201017666160808160513
https://doi.org/10.3390/mi11040441
https://doi.org/10.3390/mi11040441
https://doi.org/10.1016/j.eti.2021.102090
https://doi.org/10.1016/j.eti.2021.102090
https://doi.org/10.1002/adfm.201202816
https://doi.org/10.1002/adfm.201202816
https://doi.org/10.1038/pj.2014.94
https://doi.org/10.1038/pj.2014.94
https://doi.org/10.3390/antibiotics11081106
https://doi.org/10.3390/antibiotics11081106
https://doi.org/10.1007/s13204-015-0439-1
https://doi.org/10.1007/s13204-015-0439-1
https://doi.org/10.1016/j.progpolymsci.2010.03.003
https://doi.org/10.3390/technologies11050150
https://doi.org/10.3390/technologies11050150
https://doi.org/10.1016/j.bcab.2018.05.005
https://doi.org/10.1016/j.bcab.2018.05.005
https://doi.org/10.1002/app.51380
https://doi.org/10.1002/app.51380
https://doi.org/10.1016/j.nmni.2019.100622
https://doi.org/10.1016/j.nmni.2019.100622
https://doi.org/10.1016/j.bpj.2011.04.033
https://doi.org/10.3390/ma12152476
https://doi.org/10.3390/polym12112472
https://doi.org/10.3390/polym12112472


Applied Microbiology and Biotechnology         (2025) 109:113 	 Page 17 of 21    113 

nanomaterials: from preparation strategies to biomedical 
applications. Bioactive Materials 42:478–518. https://​doi.​org/​
10.​1016/j.​bioac​tmat.​2024.​09.​003

Chen ZG, Wang PW, Wei B, Mo XM, Cui FZ (2010) Electrospun 
collagen–chitosan nanofiber: a biomimetic extracellular matrix 
for endothelial cell and smooth muscle cell. Acta Biomater 
6:372–382. https://​doi.​org/​10.​1016/j.​actbio.​2009.​07.​024

Chiloeches A, Cuervo-Rodríguez R, Gil-Romero Y, Fernández-
García M, Echeverría C, Muñoz-Bonilla A (2022) Electrospun 
polylactic acid-based fibers loaded with multifunctional anti-
bacterial biobased polymers. ACS Appl Polym Mater 4:6543–
6552. https://​doi.​org/​10.​1021/​acsapm.​2c009​28

Chiu JB, Liu C, Hsiao BS, Chu B, Hadjiargyrou M (2007) Func-
tionalization of poly( L -lactide) nanofibrous scaffolds with 
bioactive collagen molecules. J Biomedical Materials Res 
83A:1117–1127. https://​doi.​org/​10.​1002/​jbm.a.​31279

Coppola D, Oliviero M, Vitale GA, Lauritano C, D’Ambra I, Iannace 
S, De Pascale D (2020) Marine collagen from alternative and 
sustainable sources: extraction, processing and applications. 
Mar Drugs 18:214. https://​doi.​org/​10.​3390/​md180​40214

Cornejo-Bravo JM, Villarreal-Gómez LJ, Vera-Graziano R, Vega-
Ríos MR, Pineda-Camacho JL, Almaraz-Reyes H, Mier-Mal-
donado PA (2017) Biocompatibility evaluation of electrospun 
scaffolds of poly (l-lactide) with pure and grafted hydroxyapa-
tite. J Mex Chem Soc 58. https://​doi.​org/​10.​29356/​jmcs.​v58i4.​
53

Dadras Chomachayi M, Solouk A, Akbari S, Sadeghi D, Mirahmadi 
F, Mirzadeh H (2018) Electrospun nanofibers comprising of silk 
fibroin/gelatin for drug delivery applications: thyme essential oil 
and doxycycline monohydrate release study. J Biomedical Mate-
rials Res 106:1092–1103. https://​doi.​org/​10.​1002/​jbm.a.​36303

Dechojarassri D, Kaneshige R, Tamura H, Furuike T (2023) Prepara-
tion and characterization of crosslinked electrospun gelatin fab-
rics via maillard reactions. Materials 16:4078. https://​doi.​org/​
10.​3390/​ma161​14078

Deng L, Zhang X, Li Y, Que F, Kang X, Liu Y, Feng F, Zhang H (2018) 
Characterization of gelatin/zein nanofibers by hybrid electrospin-
ning. Food Hydrocolloids 75:72–80. https://​doi.​org/​10.​1016/j.​
foodh​yd.​2017.​09.​011

Desouky OA, El-Mougith AA, Hassanien WA, Awadalla GS, Hussien 
SS (2016) Extraction of some strategic elements from thorium–
uranium concentrate using bioproducts of Aspergillus ficuum and 
Pseudomonas aeruginosa. Arab J Chem 9:S795–S805. https://​
doi.​org/​10.​1016/j.​arabjc.​2011.​08.​010

Detta N, Errico C, Dinucci D, Puppi D, Clarke DA, Reilly GC, Chiel-
lini F (2010) Novel electrospun polyurethane/gelatin composite 
meshes for vascular grafts. J Mater Sci: Mater Med 21:1761–
1769. https://​doi.​org/​10.​1007/​s10856-​010-​4006-8

Dhand C, Barathi VA, Ong ST, Venkatesh M, Harini S, Dwivedi N, 
Goh ETL, Nandhakumar M, Venugopal JR, Diaz SM, Fazil 
MHUT, Loh XJ, Ping LS, Beuerman RW, Verma NK, Ram-
akrishna S, Lakshminarayanan R (2016) Latent Oxidative 
polymerization of catecholamines as potential cross-linkers for 
biocompatible and multifunctional biopolymer scaffolds. ACS 
Appl Mater Interfaces 8:32266–32281. https://​doi.​org/​10.​1021/​
acsami.​6b125​44

Dulnik J, Denis P, Sajkiewicz P, Kołbuk D, Choińska E (2016) Bio-
degradation of bicomponent PCL/gelatin and PCL/collagen 
nanofibers electrospun from alternative solvent system. Polym 
Degrad Stab 130:10–21. https://​doi.​org/​10.​1016/j.​polym​degra​
dstab.​2016.​05.​022

Dutta D, Markhoff J, Suter N, Rezwan K, Brüggemann D (2021) Effect 
of collagen nanofibers and silanization on the interaction of 
HaCaT keratinocytes and 3T3 fibroblasts with alumina nanopo-
res. ACS Appl Bio Mater 4:1852–1862. https://​doi.​org/​10.​1021/​
acsabm.​0c015​38

Ehrmann A (2021) Non-toxic crosslinking of electrospun gelatin 
nanofibers for tissue engineering and biomedicine—a review. 
Polymers 13:1973. https://​doi.​org/​10.​3390/​polym​13121​973

El-Seedi HR, Said NS, Yosri N, Hawash HB, El-Sherif DM, Abouzid 
M, Abdel-Daim MM, Yaseen M, Omar H, Shou Q, Attia NF, 
Zou X, Guo Z, Khalifa SAM (2023) Gelatin nanofibers: recent 
insights in synthesis, bio-medical applications and limitations. 
Heliyon 9:e16228. https://​doi.​org/​10.​1016/j.​heliy​on.​2023.​e16228

Erencia M, Cano F, Tornero JA, Fernandes MM, Tzanov T, Macanás J, 
Carrillo F (2015) Electrospinning of gelatin fibers using solutions 
with low acetic acid concentration: effect of solvent composi-
tion on both diameter of electrospun fibers and cytotoxicity. J 
of Applied Polymer Sci 132:app.42115. https://​doi.​org/​10.​1002/​
app.​42115

Ersanli C, Tzora A, Skoufos I, Voidarou C, (Chrysa), Zeugolis DI, 
(2023) Recent advances in collagen antimicrobial biomaterials 
for tissue engineering applications: a review. IJMS 24:7808. 
https://​doi.​org/​10.​3390/​ijms2​40978​08

Fakruddin Md, Mohammad Mazumdar R, Bin Mannan KS, Chowd-
hury A, Hossain MdN (2013) Critical factors affecting the suc-
cess of cloning, expression, and mass production of enzymes by 
recombinant E. coli. ISRN Biotechnology 2013:1–7. https://​doi.​
org/​10.​5402/​2013/​590587

Feng C, Wang X, Yang J, Xi S, Jia M, Shen J (2022) Silver nanopar-
ticle-decorated chitosan aerogels as three-dimensional porous 
surface-enhanced raman scattering substrates for ultrasensitive 
detection. ACS Appl Nano Mater 5:5398–5406. https://​doi.​org/​
10.​1021/​acsanm.​2c003​75

Fischer RL, McCoy MG, Grant SA (2012) Electrospinning collagen 
and hyaluronic acid nanofiber meshes. J Mater Sci: Mater Med 
23:1645–1654. https://​doi.​org/​10.​1007/​s10856-​012-​4641-3

Foltran I, Foresti E, Parma B, Sabatino P, Roveri N (2008) Novel bio-
logically inspired collagen nanofibers reconstituted by electro-
spinning method. Macromol Symp 269:111–118. https://​doi.​org/​
10.​1002/​masy.​20085​0914

Freudenberg U, Behrens SH, Welzel PB, Müller M, Grimmer M, Sal-
chert K, Taeger T, Schmidt K, Pompe W, Werner C (2007) Elec-
trostatic interactions modulate the conformation of collagen I. 
Biophys J 92:2108–2119. https://​doi.​org/​10.​1529/​bioph​ysj.​106.​
094284

Fu W, Liu Z, Feng B, Hu R, He X, Wang H, Yin M, Huang H, Zhang 
H, Wang W (2014) Electrospun gelatin/PCL and collagen/PLCL 
scaffolds for vascular tissue engineering. IJN 2335. https://​doi.​
org/​10.​2147/​IJN.​S61375

Furuike T, Chaochai T, Okubo T, Mori T, Tamura H (2016) Fabrica-
tion of nonwoven fabrics consisting of gelatin nanofibers cross-
linked by glutaraldehyde or N-acetyl-d-glucosamine by aqueous 
method. Int J Biol Macromol 93:1530–1538. https://​doi.​org/​10.​
1016/j.​ijbio​mac.​2016.​03.​053

Galo IDC, Lima BED, Santos TG, Braoios A, Prado RP, Santos WGD 
(2021) Staphylococcus aureus growth delay after exposure to low 
fluencies of blue light (470 nm). Braz J Biol 81:370–376. https://​
doi.​org/​10.​1590/​1519-​6984.​226473

Gao Y, Wang Y, Wang Y, Cui W (2016) Fabrication of gelatin-based 
electrospun composite fibers for anti-bacterial properties and 
protein adsorption. Mar Drugs 14:192. https://​doi.​org/​10.​3390/​
md141​00192

Ghasemian A, Najar Peerayeh S, Bakhshi B, Mirzaee M (2015) The 
microbial surface components recognizing adhesive matrix 
molecules (MSCRAMMs) genes among clinical isolates of 
Staphylococcus aureus from hospitalized children. Iran J Pathol 
10:258–264

Ghassemi Z, Slaughter G (2018) Cross-linked electrospun gelatin 
nanofibers for cell-based assays. In: 2018 40th Annual Inter-
national Conference of the IEEE Engineering in Medicine and 
Biology Society (EMBC). IEEE, Honolulu, HI, pp 6088–6091

https://doi.org/10.1016/j.bioactmat.2024.09.003
https://doi.org/10.1016/j.bioactmat.2024.09.003
https://doi.org/10.1016/j.actbio.2009.07.024
https://doi.org/10.1021/acsapm.2c00928
https://doi.org/10.1002/jbm.a.31279
https://doi.org/10.3390/md18040214
https://doi.org/10.29356/jmcs.v58i4.53
https://doi.org/10.29356/jmcs.v58i4.53
https://doi.org/10.1002/jbm.a.36303
https://doi.org/10.3390/ma16114078
https://doi.org/10.3390/ma16114078
https://doi.org/10.1016/j.foodhyd.2017.09.011
https://doi.org/10.1016/j.foodhyd.2017.09.011
https://doi.org/10.1016/j.arabjc.2011.08.010
https://doi.org/10.1016/j.arabjc.2011.08.010
https://doi.org/10.1007/s10856-010-4006-8
https://doi.org/10.1021/acsami.6b12544
https://doi.org/10.1021/acsami.6b12544
https://doi.org/10.1016/j.polymdegradstab.2016.05.022
https://doi.org/10.1016/j.polymdegradstab.2016.05.022
https://doi.org/10.1021/acsabm.0c01538
https://doi.org/10.1021/acsabm.0c01538
https://doi.org/10.3390/polym13121973
https://doi.org/10.1016/j.heliyon.2023.e16228
https://doi.org/10.1002/app.42115
https://doi.org/10.1002/app.42115
https://doi.org/10.3390/ijms24097808
https://doi.org/10.5402/2013/590587
https://doi.org/10.5402/2013/590587
https://doi.org/10.1021/acsanm.2c00375
https://doi.org/10.1021/acsanm.2c00375
https://doi.org/10.1007/s10856-012-4641-3
https://doi.org/10.1002/masy.200850914
https://doi.org/10.1002/masy.200850914
https://doi.org/10.1529/biophysj.106.094284
https://doi.org/10.1529/biophysj.106.094284
https://doi.org/10.2147/IJN.S61375
https://doi.org/10.2147/IJN.S61375
https://doi.org/10.1016/j.ijbiomac.2016.03.053
https://doi.org/10.1016/j.ijbiomac.2016.03.053
https://doi.org/10.1590/1519-6984.226473
https://doi.org/10.1590/1519-6984.226473
https://doi.org/10.3390/md14100192
https://doi.org/10.3390/md14100192


	 Applied Microbiology and Biotechnology         (2025) 109:113   113   Page 18 of 21

Gonzalez JM, Aranda B (2023) Microbial growth under limiting con-
ditions-future perspectives. Microorganisms 11:1641. https://​doi.​
org/​10.​3390/​micro​organ​isms1​10716​41

Grover CN, Cameron RE, Best SM (2012) Investigating the mor-
phological, mechanical and degradation properties of scaffolds 
comprising collagen, gelatin and elastin for use in soft tissue 
engineering. J Mech Behav Biomed Mater 10:62–74. https://​doi.​
org/​10.​1016/j.​jmbbm.​2012.​02.​028

Gul A, Gallus I, Tegginamath A, Maryska J, Yalcinkaya F (2021) Elec-
trospun antibacterial nanomaterials for wound dressings applica-
tions. Membranes 11:908. https://​doi.​org/​10.​3390/​membr​anes1​
11209​08

Haider A, Haider S, Kang I-K (2018) A comprehensive review sum-
marizing the effect of electrospinning parameters and potential 
applications of nanofibers in biomedical and biotechnology. Arab 
J Chem 11:1165–1188. https://​doi.​org/​10.​1016/j.​arabjc.​2015.​11.​
015

Hofman K, Tucker N, Stanger J, Staiger M, Marshall S, Hall B (2012) 
Effects of the molecular format of collagen on characteristics of 
electrospun fibres. J Mater Sci 47:1148–1155. https://​doi.​org/​10.​
1007/​s10853-​011-​5775-2

Idrees M, Sawant S, Karodia N, Rahman A (2021) Staphylococcus 
aureus biofilm: morphology, genetics, pathogenesis and treat-
ment strategies. IJERPH 18:7602. https://​doi.​org/​10.​3390/​ijerp​
h1814​7602

İnanç Horuz T, Belibağlı KB (2017) Production of electrospun gelatin 
nanofibers: an optimization study by using Taguchi’s methodol-
ogy. Mater Res Express 4:015023. https://​doi.​org/​10.​1088/​2053-​
1591/​aa57ea

Irastorza A, Zarandona I, Andonegi M, Guerrero P, De La Caba K 
(2021) The versatility of collagen and chitosan: from food to bio-
medical applications. Food Hydrocolloids 116:106633. https://​
doi.​org/​10.​1016/j.​foodh​yd.​2021.​106633

Jafari A, Amirsadeghi A, Hassanajili S, Azarpira N (2020) Bioactive 
antibacterial bilayer PCL/gelatin nanofibrous scaffold promotes 
full-thickness wound healing. Int J Pharm 583:119413. https://​
doi.​org/​10.​1016/j.​ijpha​rm.​2020.​119413

Jalaja K, Naskar D, Kundu SC, James NR (2016) Potential of electro-
spun core–shell structured gelatin–chitosan nanofibers for bio-
medical applications. Carbohyd Polym 136:1098–1107. https://​
doi.​org/​10.​1016/j.​carbp​ol.​2015.​10.​014

Jha BS, Ayres CE, Bowman JR, Telemeco TA, Sell SA, Bowlin GL, 
Simpson DG (2011) Electrospun collagen: a tissue engineering 
scaffold with unique functional properties in a wide variety of 
applications. J Nanomater 2011:1–15. https://​doi.​org/​10.​1155/​
2011/​348268

Jiang H, Srichuwong S, Campbell M, Jane J (2010) Characterization 
of maize amylose-extender (ae) mutant starches. Part III: struc-
tures and properties of the Naegeli dextrins. Carbohyd Polym 
81:885–891. https://​doi.​org/​10.​1016/j.​carbp​ol.​2010.​03.​064

Kahdim QS, Abdelmoula N, Al-Karagoly H, Albukhaty S, Al-Saaidi 
J (2023) Fabrication of a polycaprolactone/chitosan nanofibrous 
scaffold loaded with Nigella sativa extract for biomedical appli-
cations. Biotech 12:19. https://​doi.​org/​10.​3390/​biote​ch120​10019

Kang M, Ko Y-P, Liang X, Ross CL, Liu Q, Murray BE, Höök M 
(2013) Collagen-binding microbial surface components recog-
nizing adhesive matrix molecule (MSCRAMM) of gram-positive 
bacteria inhibit complement activation via the classical path-
way. J Biol Chem 288:20520–20531. https://​doi.​org/​10.​1074/​
jbc.​M113.​454462

Konopacki M, Jabłońska J, Dubrowska K, Augustyniak A, Grygorce-
wicz B, Gliźniewicz M, Wróblewski E, Kordas M, Dołęgowska 
B, Rakoczy R (2022) The Influence of hydrodynamic conditions 
in a laboratory-scale bioreactor on Pseudomonas aeruginosa 
metabolite production. Microorganisms 11:88. https://​doi.​org/​
10.​3390/​micro​organ​isms1​10100​88

Koppolu V, Vasigala VK (2016) Role of Escherichia coli in Biofuel 
Production. Microbiol Insights 9:MBI.S10878. https://​doi.​org/​
10.​4137/​MBI.​S10878

Kwak S, Haider A, Gupta KC, Kim S, Kang I-K (2016) Micro/nano 
multilayered scaffolds of PLGA and collagen by alternately 
electrospinning for bone tissue engineering. Nanoscale Res Lett 
11:323. https://​doi.​org/​10.​1186/​s11671-​016-​1532-4

LaBauve AE, Wargo MJ (2012) Growth and laboratory maintenance 
of Pseudomonas aeruginosa. CP Microbiology 25. https://​doi.​
org/​10.​1002/​97804​71729​259.​mc06e​01s25

Łabowska MB, Cierluk K, Jankowska AM, Kulbacka J, Detyna J, 
Michalak I (2021) A review on the adaption of alginate-gelatin 
hydrogels for 3D cultures and bioprinting. Materials 14:858. 
https://​doi.​org/​10.​3390/​ma140​40858

Laha A, Yadav S, Majumdar S, Sharma CS (2016) In-vitro release 
study of hydrophobic drug using electrospun cross-linked gela-
tin nanofibers. Biochem Eng J 105:481–488. https://​doi.​org/​10.​
1016/j.​bej.​2015.​11.​001

Larue L, Michely L, Grande D, Belbekhouche S (2024) Design of 
collagen and gelatin-based electrospun fibers for biomedical 
purposes: an overview. ACS Biomater Sci Eng 10:5537–5549. 
https://​doi.​org/​10.​1021/​acsbi​omate​rials.​4c009​48

Law JX, Liau LL, Saim A, Yang Y, Idrus R (2017) Electrospun col-
lagen nanofibers and their applications in skin tissue engineer-
ing. Tissue Eng Regen Med 14:699–718. https://​doi.​org/​10.​1007/​
s13770-​017-​0075-9

León-López A, Morales-Peñaloza A, Martínez-Juárez VM, Vargas-
Torres A, Zeugolis DI, Aguirre-Álvarez G (2019) Hydrolyzed 
collagen—sources and applications. Molecules 24:4031. https://​
doi.​org/​10.​3390/​molec​ules2​42240​31

León-Mancilla BH, Araiza-Téllez MA, Flores-Flores JO, Piña-Barba 
MC (2016) Physico-chemical characterization of collagen scaf-
folds for tissue engineering. Journal of Applied Research and 
Technology 14:77–85. https://​doi.​org/​10.​1016/j.​jart.​2016.​01.​001

Leyva-Porras C, Cruz-Alcantar P, Espinosa-Solís V, Martínez-Guerra 
E, Piñón-Balderrama CI, Compean Martínez I, Saavedra-Leos 
MZ (2019) Application of differential scanning calorimetry 
(DSC) and modulated differential scanning calorimetry (MDSC) 
in food and drug industries. Polymers 12:5. https://​doi.​org/​10.​
3390/​polym​12010​005

Li J, Zhu X, Chen J, Zhao D, Zhang X, Bi C (2017) Construction 
of a novel anaerobic pathway in Escherichia coli for propion-
ate production. BMC Biotechnol 17:38. https://​doi.​org/​10.​1186/​
s12896-​017-​0354-5

Li Y, Liu Y, Li R, Bai H, Zhu Z, Zhu L, Zhu C, Che Z, Liu H, Wang 
J, Huang L (2021) Collagen-based biomaterials for bone tissue 
engineering. Mater des 210:110049. https://​doi.​org/​10.​1016/j.​
matdes.​2021.​110049

Lopez Marquez A, Gareis IE, Dias FJ, Gerhard C, Lezcano MF (2022) 
Methods to characterize electrospun scaffold morphology: a 
critical review. Polymers 14:467. https://​doi.​org/​10.​3390/​polym​
14030​467

Lu P, Ruan D, Huang M, Tian M, Zhu K, Gan Z, Xiao Z (2024) 
Harnessing the potential of hydrogels for advanced therapeu-
tic applications: current achievements and future directions. 
Sig Transduct Target Ther 9:166. https://​doi.​org/​10.​1038/​
s41392-​024-​01852-x

Lu W, Ma M, Xu H, Zhang B, Cao X, Guo Y (2015) Gelatin nanofibers 
prepared by spiral-electrospinning and cross-linked by vapor and 
liquid-phase glutaraldehyde. Mater Lett 140:1–4. https://​doi.​org/​
10.​1016/j.​matlet.​2014.​10.​146

Lu WP, Guo Y (2018) Electrospinning of collagen and its derivatives 
for biomedical applications. In: Lin T (ed) Novel Aspects of 
Nanofibers. InTech

Lukin I, Erezuma I, Maeso L, Zarate J, Desimone MF, Al-Tel TH, 
Dolatshahi-Pirouz A, Orive G (2022) Progress in gelatin as 

https://doi.org/10.3390/microorganisms11071641
https://doi.org/10.3390/microorganisms11071641
https://doi.org/10.1016/j.jmbbm.2012.02.028
https://doi.org/10.1016/j.jmbbm.2012.02.028
https://doi.org/10.3390/membranes11120908
https://doi.org/10.3390/membranes11120908
https://doi.org/10.1016/j.arabjc.2015.11.015
https://doi.org/10.1016/j.arabjc.2015.11.015
https://doi.org/10.1007/s10853-011-5775-2
https://doi.org/10.1007/s10853-011-5775-2
https://doi.org/10.3390/ijerph18147602
https://doi.org/10.3390/ijerph18147602
https://doi.org/10.1088/2053-1591/aa57ea
https://doi.org/10.1088/2053-1591/aa57ea
https://doi.org/10.1016/j.foodhyd.2021.106633
https://doi.org/10.1016/j.foodhyd.2021.106633
https://doi.org/10.1016/j.ijpharm.2020.119413
https://doi.org/10.1016/j.ijpharm.2020.119413
https://doi.org/10.1016/j.carbpol.2015.10.014
https://doi.org/10.1016/j.carbpol.2015.10.014
https://doi.org/10.1155/2011/348268
https://doi.org/10.1155/2011/348268
https://doi.org/10.1016/j.carbpol.2010.03.064
https://doi.org/10.3390/biotech12010019
https://doi.org/10.1074/jbc.M113.454462
https://doi.org/10.1074/jbc.M113.454462
https://doi.org/10.3390/microorganisms11010088
https://doi.org/10.3390/microorganisms11010088
https://doi.org/10.4137/MBI.S10878
https://doi.org/10.4137/MBI.S10878
https://doi.org/10.1186/s11671-016-1532-4
https://doi.org/10.1002/9780471729259.mc06e01s25
https://doi.org/10.1002/9780471729259.mc06e01s25
https://doi.org/10.3390/ma14040858
https://doi.org/10.1016/j.bej.2015.11.001
https://doi.org/10.1016/j.bej.2015.11.001
https://doi.org/10.1021/acsbiomaterials.4c00948
https://doi.org/10.1007/s13770-017-0075-9
https://doi.org/10.1007/s13770-017-0075-9
https://doi.org/10.3390/molecules24224031
https://doi.org/10.3390/molecules24224031
https://doi.org/10.1016/j.jart.2016.01.001
https://doi.org/10.3390/polym12010005
https://doi.org/10.3390/polym12010005
https://doi.org/10.1186/s12896-017-0354-5
https://doi.org/10.1186/s12896-017-0354-5
https://doi.org/10.1016/j.matdes.2021.110049
https://doi.org/10.1016/j.matdes.2021.110049
https://doi.org/10.3390/polym14030467
https://doi.org/10.3390/polym14030467
https://doi.org/10.1038/s41392-024-01852-x
https://doi.org/10.1038/s41392-024-01852-x
https://doi.org/10.1016/j.matlet.2014.10.146
https://doi.org/10.1016/j.matlet.2014.10.146


Applied Microbiology and Biotechnology         (2025) 109:113 	 Page 19 of 21    113 

biomaterial for tissue engineering. Pharmaceutics 14:1177. 
https://​doi.​org/​10.​3390/​pharm​aceut​ics14​061177

Lv L-C, Huang Q-Y, Ding W, Xiao X-H, Zhang H-Y, Xiong L-X 
(2019) Fish gelatin: the novel potential applications. Journal of 
Functional Foods 63:103581. https://​doi.​org/​10.​1016/j.​jff.​2019.​
103581

Ma X, He Z, Han F, Zhong Z, Chen L, Li B (2016) Preparation of col-
lagen/hydroxyapatite/alendronate hybrid hydrogels as potential 
scaffolds for bone regeneration. Colloids Surf, B 143:81–87. 
https://​doi.​org/​10.​1016/j.​colsu​rfb.​2016.​03.​025

Madani A, Garakani K, Mofrad MRK (2017) Molecular mechanics of 
Staphylococcus aureus adhesin, CNA, and the inhibition of bac-
terial adhesion by stretching collagen. PLoS ONE 12:e0179601. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​01796​01

Maliszewska I, Czapka T (2022) Electrospun polymer nanofibers with 
antimicrobial activity. Polymers 14:1661. https://​doi.​org/​10.​
3390/​polym​14091​661

Massaglia G, Sacco A, Chiodoni A, Pirri CF, Quaglio M (2021) Living 
bacteria directly embedded into electrospun nanofibers: design 
of new anode for bio-electrochemical systems. Nanomaterials 
11:3088. https://​doi.​org/​10.​3390/​nano1​11130​88

Mazumdar S, Clomburg JM, Gonzalez R (2010) Escherichia coli 
strains engineered for homofermentative production of d-lactic 
acid from glycerol. Appl Environ Microbiol 76:4327–4336. 
https://​doi.​org/​10.​1128/​AEM.​00664-​10

McLeod KA, Di Gregorio M, Tinney D, Carmichael J, Zuanazzi D, 
Siqueira WL, Rizkalla A, Hamilton DW (2024) Galectin-3/gel-
atin electrospun scaffolds modulate collagen synthesis in skin 
healing but do not improve wound closure kinetics. Bioengi-
neering 11:960. https://​doi.​org/​10.​3390/​bioen​ginee​ring1​11009​60

Meng W, Kim S-Y, Yuan J, Kim JC, Kwon OH, Kawazoe N, Chen G, 
Ito Y, Kang I-K (2007) Electrospun PHBV/collagen compos-
ite nanofibrous scaffolds for tissue engineering. J Biomater Sci 
Polym Ed 18:81–94. https://​doi.​org/​10.​1163/​15685​62077​79146​
114

Moffa M, Pasanisi D, Scarpa E, Marra AR, Alifano P, Pisignano D 
(2017) Secondary metabolite production from industrially rel-
evant bacteria is enhanced by organic nanofibers. Biotechnol J 
12:1700313. https://​doi.​org/​10.​1002/​biot.​20170​0313

Mukherjee I, Rosolen M (2013) Thermal transitions of gelatin evalu-
ated using DSC sample pans of various seal integrities. J 
Therm Anal Calorim 114:1161–1166. https://​doi.​org/​10.​1007/​
s10973-​013-​3166-4

Muyonga JH, Cole CGB, Duodu KG (2004) Fourier transform infrared 
(FTIR) spectroscopic study of acid soluble collagen and gela-
tin from skins and bones of young and adult Nile perch (Lates 
niloticus). Food Chem 86:325–332. https://​doi.​org/​10.​1016/j.​
foodc​hem.​2003.​09.​038

Nachev N, Spasova M, Manolova N, Rashkov I, Naydenov M (2022) 
Electrospun polymer materials with fungicidal activity: a review. 
Molecules 27:5738. https://​doi.​org/​10.​3390/​molec​ules2​71757​38

Nokoorani YD, Shamloo A, Bahadoran M, Moravvej H (2021) Fab-
rication and characterization of scaffolds containing differ-
ent amounts of allantoin for skin tissue engineering. Sci Rep 
11:16164. https://​doi.​org/​10.​1038/​s41598-​021-​95763-4

Okutan N, Terzi P, Altay F (2014) Affecting parameters on electro-
spinning process and characterization of electrospun gelatin 
nanofibers. Food Hydrocolloids 39:19–26. https://​doi.​org/​10.​
1016/j.​foodh​yd.​2013.​12.​022

Oliveira M, Cunha E, Tavares L, Serrano I (2023) P. aeruginosa inter-
actions with other microbes in biofilms during co-infection. 
AIMSMICRO 9:612–646. https://​doi.​org/​10.​3934/​micro​biol.​
20230​32

Olteanu G, Neacșu SM, Joița FA, Musuc AM, Lupu EC, Ioniță-
Mîndrican C-B, Lupuliasa D, Mititelu M (2024) Advance-
ments in regenerative hydrogels in skin wound treatment: a 

comprehensive review. IJMS 25:3849. https://​doi.​org/​10.​3390/​
ijms2​50738​49

Pan Y, Huang X, Shi X, Zhan Y, Fan G, Pan S, Tian J, Deng H, Du 
Y (2015) Antimicrobial application of nanofibrous mats self-
assembled with quaternized chitosan and soy protein isolate. 
Carbohyd Polym 133:229–235. https://​doi.​org/​10.​1016/j.​carbp​
ol.​2015.​07.​019

Patarroyo JL, Florez-Rojas JS, Pradilla D, Valderrama-Rincón JD, 
Cruz JC, Reyes LH (2020) Formulation and characterization 
of gelatin-based hydrogels for the encapsulation of kluyvero-
myces lactis—applications in packed-bed reactors and probiot-
ics delivery in humans. Polymers 12:1287. https://​doi.​org/​10.​
3390/​polym​12061​287

Peinador RI, Darbouret D, Paragot C, Calvo JI (2023) Automated 
liquid–liquid displacement porometry (LLDP) for the non-
destructive characterization of ultrapure water purification fil-
tration devices. Membranes 13:660. https://​doi.​org/​10.​3390/​
membr​anes1​30706​60

Piatek M, O’Beirne C, Beato Z, Tacke M, Kavanagh K (2023) 
Pseudomonas aeruginosa and Staphylococcus aureus display 
differential proteomic responses to the silver(I) compound, 
SBC3. Antibiotics 12:348. https://​doi.​org/​10.​3390/​antib​iotic​
s1202​0348

Pompa-Monroy DA, Figueroa-Marchant PG, Dastager SG, Thorat 
MN, Iglesias AL, Miranda-Soto V, Pérez-González GL, Villar-
real-Gómez LJ (2020) Bacterial biofilm formation using PCL/
curcumin electrospun fibers and its potential use for biotechno-
logical applications. Materials 13:5556. https://​doi.​org/​10.​3390/​
ma132​35556

Pompa-Monroy DA, Iglesias AL, Dastager SG, Thorat MN, Olivas-
Sarabia A, Valdez-Castro R, Hurtado-Ayala LA, Cornejo-Bravo 
JM, Pérez-González GL, Villarreal-Gómez LJ (2022) Compara-
tive study of polycaprolactone electrospun fibers and casting 
films enriched with carbon and nitrogen sources and their poten-
tial use in water bioremediation. Membranes 12:327. https://​doi.​
org/​10.​3390/​membr​anes1​20303​27

Prokisch J, Sári D, Muthu A, Nagy A, El-Ramady H, Abdalla N, 
Dobránszki J (2023) Biotechnology of nanofiber in water, energy, 
and food sectors. Agronomy 13:2734. https://​doi.​org/​10.​3390/​
agron​omy13​112734

Qin S, Xiao W, Zhou C, Pu Q, Deng X, Lan L, Liang H, Song X, Wu M 
(2022) Pseudomonas aeruginosa: pathogenesis, virulence factors, 
antibiotic resistance, interaction with host, technology advances 
and emerging therapeutics. Sig Transduct Target Ther 7:199. 
https://​doi.​org/​10.​1038/​s41392-​022-​01056-1

Rajabimashhadi Z, Gallo N, Salvatore L, Lionetto F (2023) Collagen 
derived from fish industry waste: progresses and challenges. 
Polymers 15:544. https://​doi.​org/​10.​3390/​polym​15030​544

Raveendran S, Parameswaran B, Centre for Biofuels, National Insti-
tute for Interdisciplinary Science and Technology, CSIR, 
Trivandrum-695 019, India, Ummalyma SB, Institute of Biore-
sources and Sustainable Development, Takyelpat, Imphal -795 
001, India, Abraham A, Centre for Biofuels, National Institute 
for Interdisciplinary Science and Technology, CSIR, Trivan-
drum-695 019, India, Mathew AK, Centre for Biofuels, National 
Institute for Interdisciplinary Science and Technology, CSIR, 
Trivandrum-695 019, India, Madhavan A, Rajiv Gandhi Cen-
tre for Biotechnology, Jagathy, Trivandrum – 695 014, India, 
Rebello S, Communicable Disease Research Laboratory, St. 
Joseph’s College, Irinjalakuda, India, Pandey A, Centre for Bio-
fuels, National Institute for Interdisciplinary Science and Tech-
nology, CSIR, Trivandrum-695 019, Indi (2018) Applications of 
microbial enzymes in food industry. Food Technol Biotechnol 56. 
https://​doi.​org/​10.​17113/​ftb.​56.​01.​18.​5491

Renkler Z, Cruz Maya I, Guarino V (2023) Optimization of pol-
yvinyl alcohol-based electrospun fibers with bioactive or 

https://doi.org/10.3390/pharmaceutics14061177
https://doi.org/10.1016/j.jff.2019.103581
https://doi.org/10.1016/j.jff.2019.103581
https://doi.org/10.1016/j.colsurfb.2016.03.025
https://doi.org/10.1371/journal.pone.0179601
https://doi.org/10.3390/polym14091661
https://doi.org/10.3390/polym14091661
https://doi.org/10.3390/nano11113088
https://doi.org/10.1128/AEM.00664-10
https://doi.org/10.3390/bioengineering11100960
https://doi.org/10.1163/156856207779146114
https://doi.org/10.1163/156856207779146114
https://doi.org/10.1002/biot.201700313
https://doi.org/10.1007/s10973-013-3166-4
https://doi.org/10.1007/s10973-013-3166-4
https://doi.org/10.1016/j.foodchem.2003.09.038
https://doi.org/10.1016/j.foodchem.2003.09.038
https://doi.org/10.3390/molecules27175738
https://doi.org/10.1038/s41598-021-95763-4
https://doi.org/10.1016/j.foodhyd.2013.12.022
https://doi.org/10.1016/j.foodhyd.2013.12.022
https://doi.org/10.3934/microbiol.2023032
https://doi.org/10.3934/microbiol.2023032
https://doi.org/10.3390/ijms25073849
https://doi.org/10.3390/ijms25073849
https://doi.org/10.1016/j.carbpol.2015.07.019
https://doi.org/10.1016/j.carbpol.2015.07.019
https://doi.org/10.3390/polym12061287
https://doi.org/10.3390/polym12061287
https://doi.org/10.3390/membranes13070660
https://doi.org/10.3390/membranes13070660
https://doi.org/10.3390/antibiotics12020348
https://doi.org/10.3390/antibiotics12020348
https://doi.org/10.3390/ma13235556
https://doi.org/10.3390/ma13235556
https://doi.org/10.3390/membranes12030327
https://doi.org/10.3390/membranes12030327
https://doi.org/10.3390/agronomy13112734
https://doi.org/10.3390/agronomy13112734
https://doi.org/10.1038/s41392-022-01056-1
https://doi.org/10.3390/polym15030544
https://doi.org/10.17113/ftb.56.01.18.5491


	 Applied Microbiology and Biotechnology         (2025) 109:113   113   Page 20 of 21

electroconductive phases for tissue-engineered scaffolds. Fib-
ers 11:85. https://​doi.​org/​10.​3390/​fib11​100085

Rudolf R, Majerič P, Pintarič ZN, Horvat A, Krajnc D (2024) Life 
cycle assessment (LCA) of the impact on the environment of 
a cosmetic cream with gold nanoparticles and hydroxylated 
fullerene ingredients. Appl Sci 14:11625. https://​doi.​org/​10.​
3390/​app14​24116​25

Sabarees G, Vishvaja S, Raghuraman S, Velmurugan V, Alagarsamy 
V, Raja Solomon V, Padmini Tamilarasi G (2024) Collagen-
based nanofibers: revolutionizing therapeutics for impaired 
wound healing. International Journal of Polymeric Materials 
and Polymeric Biomaterials 1–29. https://​doi.​org/​10.​1080/​
00914​037.​2024.​24023​64

Safdari M, Shakiba E, Kiaie SH, Fattahi A (2016) Preparation and 
characterization of ceftazidime loaded electrospun silk fibroin/
gelatin mat for wound dressing. Fibers Polym 17:744–750. 
https://​doi.​org/​10.​1007/​s12221-​016-​5822-3

Samouillan V, Delaunay F, Dandurand J, Merbahi N, Gardou J-P, 
Yousfi M, Gandaglia A, Spina M, Lacabanne C (2011) The 
use of thermal techniques for the characterization and selec-
tion of natural biomaterials. JFB 2:230–248. https://​doi.​org/​
10.​3390/​jfb20​30230

Samyn P, Meftahi A, Geravand SA, Heravi MEM, Najarzadeh H, 
Sabery MSK, Barhoum A (2023) Opportunities for bacte-
rial nanocellulose in biomedical applications: review on bio-
synthesis, modification and challenges. Int J Biol Macromol 
231:123316. https://​doi.​org/​10.​1016/j.​ijbio​mac.​2023.​123316

Sell SA, Wolfe PS, Garg K, McCool JM, Rodriguez IA, Bowlin GL 
(2010) The use of natural polymers in tissue engineering: a 
focus on electrospun extracellular matrix analogues. Polymers 
2:522–553. https://​doi.​org/​10.​3390/​polym​20405​22

Serrano-Aroca Á, Cano-Vicent A, Serra SI, R, El-Tanani M, Alja-
bali AlaaAA, Tambuwala MM, Mishra YK, (2022) Scaffolds 
in the microbial resistant era: fabrication, materials, proper-
ties and tissue engineering applications. Materials Today Bio 
16:100412. https://​doi.​org/​10.​1016/j.​mtbio.​2022.​100412

Shah R, Narh JK, Urlaub M, Jankiewicz O, Johnson C, Livingston B, 
Dahl J-U (2024) Pseudomonas aeruginosa kills Staphylococ-
cus aureus in a polyphosphate-dependent manner. mSphere 
9:e00686–24. https://​doi.​org/​10.​1128/​msphe​re.​00686-​24

Shan Y, Xu C, Wang M, Zhu Z, Wu F-G, Shi Z, Cui Q, Arumugam 
GM (2019) Bilinear Staphylococcus aureus detection based 
on suspension immunoassay. Talanta 192:154–159. https://​doi.​
org/​10.​1016/j.​talan​ta.​2018.​09.​027

Shineh G, Mobaraki M, Perves Bappy MJ, Mills DK (2023) Biofilm 
formation, and related impacts on healthcare, food processing 
and packaging, industrial manufacturing, marine industries, 
and sanitation–a review. Appl Microbiol 3:629–665. https://​
doi.​org/​10.​3390/​applm​icrob​iol30​30044

Shishparenok AN, Furman VV, Dobryakova NV, Zhdanov DD 
(2024) Protein immobilization on bacterial cellulose for bio-
medical application. Polymers 16:2468. https://​doi.​org/​10.​
3390/​polym​16172​468

Sionkowska A, Skopinska-Wisniewska J, Wisniewski M (2009) Col-
lagen–synthetic polymer interactions in solution and in thin 
films. J Mol Liq 145:135–138. https://​doi.​org/​10.​1016/j.​molliq.​
2008.​06.​005

Sisson K, Zhang C, Farach-Carson MC, Chase DB, Rabolt JF (2009) 
Evaluation of cross-linking methods for electrospun gelatin on 
cell growth and viability. Biomacromol 10:1675–1680. https://​
doi.​org/​10.​1021/​bm900​036s

Sivasubramaniam D, Franks AE (2016) Bioengineering microbial 
communities: their potential to help, hinder and disgust. Bioen-
gineered 7:137–144. https://​doi.​org/​10.​1080/​21655​979.​2016.​
11873​46

Soberón-Chávez G, González-Valdez A, Soto-Aceves MP, Cocotl-
Yañez M (2021) Rhamnolipids produced by Pseudomonas : from 
molecular genetics to the market. Microb Biotechnol 14:136–
146. https://​doi.​org/​10.​1111/​1751-​7915.​13700

Takallu S, Kakian F, Bazargani A, Khorshidi H, Mirzaei E (2024) 
Development of antibacterial collagen membranes with optimal 
silver nanoparticle content for periodontal regeneration. Sci Rep 
14:7262. https://​doi.​org/​10.​1038/​s41598-​024-​57951-w

Timnak A, Yousefi Gharebaghi F, Pajoum Shariati R, Bahrami SH, 
Javadian S, Hojjati Emami Sh, Shokrgozar MA (2011) Fabrica-
tion of nano-structured electrospun collagen scaffold intended for 
nerve tissue engineering. J Mater Sci: Mater Med 22:1555–1567. 
https://​doi.​org/​10.​1007/​s10856-​011-​4316-5

Torres-Martinez EJ, Cornejo Bravo JM, Serrano Medina A, Pérez 
González GL, Villarreal Gómez LJ (2018) A summary of elec-
trospun nanofibers as drug delivery system: drugs loaded and 
biopolymers used as matrices. CDD 15:1360–1374. https://​doi.​
org/​10.​2174/​15672​01815​66618​07231​14326

Tuttle AR, Trahan ND, Son MS (2021) Growth and maintenance of 
Escherichia coli laboratory strains. Current Protocols 1:e20. 
https://​doi.​org/​10.​1002/​cpz1.​20

Urso A, Monk IR, Cheng Y-T, Predella C, Wong Fok Lung T, Theiller 
EM, Boylan J, Perelman S, Baskota SU, Moustafa AM, Lohia 
G, Lewis IA, Howden BP, Stinear TP, Dorrello NV, Torres V, 
Prince AS (2024) Staphylococcus aureus adapts to exploit col-
lagen-derived proline during chronic infection. Nat Microbiol 
9:2506–2521. https://​doi.​org/​10.​1038/​s41564-​024-​01769-9

Velasco-Barraza RD, Vera-Graziano R, López-Maldonado EA, Oro-
peza-Guzmán MT, Dastager SG, Álvarez-Andrade A, Iglesias 
AL, Villarreal-Gómez LJ (2018) Study of nanofiber scaffolds 
of PAA, PAA/CS, and PAA/ALG for its potential use in bio-
technological applications. Int J Polym Mater Polym Biomater 
67:800–807. https://​doi.​org/​10.​1080/​00914​037.​2017.​13788​87

Venugopal J, Zhang YZ, Ramakrishna S (2005) Fabrication of modi-
fied and functionalized polycaprolactone nanofibre scaffolds for 
vascular tissue engineering. Nanotechnology 16:2138–2142. 
https://​doi.​org/​10.​1088/​0957-​4484/​16/​10/​028

Vilas Boas D, Lima CMG, Margalho LP, Amorim-Neto DP, Canales 
HDS, Lemos Junior WJF, Ramos AC, Saraiva G, Sant’Ana AS, 
(2024) Impact of hydrophobic and hydrophilic surface proper-
ties on Pseudomonas aeruginosa adhesion in materials used in 
mineral water wells. Biofouling 40:735–742. https://​doi.​org/​10.​
1080/​08927​014.​2024.​24107​71

Villarreal-Gómez LJ, Cornejo-Bravo JM, Fonthal F (2024) Editorial for 
the special issue on biomaterials, biodevices and tissue engineer-
ing. Micromachines 15:604. https://​doi.​org/​10.​3390/​mi150​50604

Villarreal-Gómez LJ, Cornejo-Bravo JM, Vera-Graziano R, Grande D 
(2016) Electrospinning as a powerful technique for biomedical 
applications: a critically selected survey. J Biomater Sci Polym 
Ed 27:157–176. https://​doi.​org/​10.​1080/​09205​063.​2015.​11168​85

Villarreal-Gómez LJ, Pérez-González GL (2023) Electrospinning for 
drug delivery applications. In: Lamprou D (ed) Nano- and Micro-
fabrication Techniques in Drug Delivery. Springer International 
Publishing, Cham, pp 21–40

Villarreal-Gómez LJ, Vera-Graziano R, Vega-Rios MR, Pineda-Cama-
cho JL, Mier-Maldonado PA, Almanza-Reyes H, Cornejo Bravo 
JM (2014) In vivo biocompatibility of dental scaffolds for tissue 
regeneration. AMR 976:191–195. https://​doi.​org/​10.​4028/​www.​
scien​tific.​net/​AMR.​976.​191

Wang F, Cai X, Shen Y, Meng L (2023) Cell–scaffold interactions 
in tissue engineering for oral and craniofacial reconstruction. 
Bioactive Materials 23:16–44. https://​doi.​org/​10.​1016/j.​bioac​
tmat.​2022.​10.​029

Xu C, Kong L, Gao H, Cheng X, Wang X (2022) A review of current 
bacterial resistance to antibiotics in food animals. Front Micro-
biol 13:822689. https://​doi.​org/​10.​3389/​fmicb.​2022.​822689

https://doi.org/10.3390/fib11100085
https://doi.org/10.3390/app142411625
https://doi.org/10.3390/app142411625
https://doi.org/10.1080/00914037.2024.2402364
https://doi.org/10.1080/00914037.2024.2402364
https://doi.org/10.1007/s12221-016-5822-3
https://doi.org/10.3390/jfb2030230
https://doi.org/10.3390/jfb2030230
https://doi.org/10.1016/j.ijbiomac.2023.123316
https://doi.org/10.3390/polym2040522
https://doi.org/10.1016/j.mtbio.2022.100412
https://doi.org/10.1128/msphere.00686-24
https://doi.org/10.1016/j.talanta.2018.09.027
https://doi.org/10.1016/j.talanta.2018.09.027
https://doi.org/10.3390/applmicrobiol3030044
https://doi.org/10.3390/applmicrobiol3030044
https://doi.org/10.3390/polym16172468
https://doi.org/10.3390/polym16172468
https://doi.org/10.1016/j.molliq.2008.06.005
https://doi.org/10.1016/j.molliq.2008.06.005
https://doi.org/10.1021/bm900036s
https://doi.org/10.1021/bm900036s
https://doi.org/10.1080/21655979.2016.1187346
https://doi.org/10.1080/21655979.2016.1187346
https://doi.org/10.1111/1751-7915.13700
https://doi.org/10.1038/s41598-024-57951-w
https://doi.org/10.1007/s10856-011-4316-5
https://doi.org/10.2174/1567201815666180723114326
https://doi.org/10.2174/1567201815666180723114326
https://doi.org/10.1002/cpz1.20
https://doi.org/10.1038/s41564-024-01769-9
https://doi.org/10.1080/00914037.2017.1378887
https://doi.org/10.1088/0957-4484/16/10/028
https://doi.org/10.1080/08927014.2024.2410771
https://doi.org/10.1080/08927014.2024.2410771
https://doi.org/10.3390/mi15050604
https://doi.org/10.1080/09205063.2015.1116885
https://doi.org/10.4028/www.scientific.net/AMR.976.191
https://doi.org/10.4028/www.scientific.net/AMR.976.191
https://doi.org/10.1016/j.bioactmat.2022.10.029
https://doi.org/10.1016/j.bioactmat.2022.10.029
https://doi.org/10.3389/fmicb.2022.822689


Applied Microbiology and Biotechnology         (2025) 109:113 	 Page 21 of 21    113 

Zaharia DC, Muntean AA, Popa MG, Steriade AT, Balint O, Micut 
R, Iftene C, Tofolean I, Popa VT, Baicus C, Bogdan MA, Popa 
MI (2013) Comparative analysis of Staphylococcus aureus and 
Escherichia coli microcalorimetric growth. BMC Microbiol 
13:171. https://​doi.​org/​10.​1186/​1471-​2180-​13-​171

Zha Z, Teng W, Markle V, Dai Z, Wu X (2012) Fabrication of gelatin 
nanofibrous scaffolds using ethanol/phosphate buffer saline as a 
benign solvent. Biopolymers 97:1026–1036. https://​doi.​org/​10.​
1002/​bip.​22120

Zhang Y, Wang Y, Li Y, Yang Y, Jin M, Lin X, Zhuang Z, Guo K, Zhang 
T, Tan W (2023) Application of collagen-based hydrogel in skin 
wound healing. Gels 9:185. https://​doi.​org/​10.​3390/​gels9​030185

Zhao X, Hu DA, Wu D, He F, Wang H, Huang L, Shi D, Liu Q, Ni 
N, Pakvasa M, Zhang Y, Fu K, Qin KH, Li AJ, Hagag O, Wang 
EJ, Sabharwal M, Wagstaff W, Reid RR, Lee MJ, Wolf JM, El 
Dafrawy M, Hynes K, Strelzow J, Ho SH, He T-C, Athiviraham 
A (2021) Applications of biocompatible scaffold materials in 
stem cell-based cartilage tissue engineering. Front Bioeng Bio-
technol 9:603444. https://​doi.​org/​10.​3389/​fbioe.​2021.​603444

Zhao X, Li P, Guo B, Ma PX (2015) Antibacterial and conductive 
injectable hydrogels based on quaternized chitosan-graft-poly-
aniline/oxidized dextran for tissue engineering. Acta Biomater 
26:236–248. https://​doi.​org/​10.​1016/j.​actbio.​2015.​08.​006

Zhong C (2020) Industrial-scale production and applications of bacte-
rial cellulose. Front Bioeng Biotechnol 8:605374. https://​doi.​org/​
10.​3389/​fbioe.​2020.​605374

Zhou H, Yang Y, Shang W, Rao Y, Chen J, Peng H, Huang J, Hu Z, 
Zhang R, Rao X (2022) Pyocyanin biosynthesis protects Pseu-
domonas aeruginosa from nonthermal plasma inactivation. 
Microb Biotechnol 15:1910–1921. https://​doi.​org/​10.​1111/​
1751-​7915.​14032

Zhou T, Wang N, Xue Y, Ding T, Liu X, Mo X, Sun J (2016) Electro-
spun tilapia collagen nanofibers accelerating wound healing via 
inducing keratinocytes proliferation and differentiation. Colloids 
Surf, B 143:415–422. https://​doi.​org/​10.​1016/j.​colsu​rfb.​2016.​03.​
052

Zhou X, Wells MJ, Gordon VD (2023) Incorporation of collagen into 
Pseudomonas aeruginosa and Staphylococcus aureus biofilms 
impedes phagocytosis by neutrophils

Zulkifli MZA, Nordin D, Shaari N, Kamarudin SK (2023) Overview 
of electrospinning for tissue engineering applications. Polymers 
15:2418. https://​doi.​org/​10.​3390/​polym​15112​418

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1186/1471-2180-13-171
https://doi.org/10.1002/bip.22120
https://doi.org/10.1002/bip.22120
https://doi.org/10.3390/gels9030185
https://doi.org/10.3389/fbioe.2021.603444
https://doi.org/10.1016/j.actbio.2015.08.006
https://doi.org/10.3389/fbioe.2020.605374
https://doi.org/10.3389/fbioe.2020.605374
https://doi.org/10.1111/1751-7915.14032
https://doi.org/10.1111/1751-7915.14032
https://doi.org/10.1016/j.colsurfb.2016.03.052
https://doi.org/10.1016/j.colsurfb.2016.03.052
https://doi.org/10.3390/polym15112418

	Low-cost gelatincollagen scaffolds for bacterial growth in bioreactors for biotechnology
	Abstract 
	Key points
	Introduction
	Methods
	Materials
	Preparation of polymeric blends
	Electrospinning
	Scanning electron microscopy (SEM)
	Fourier transform infrared spectroscopy (FTIR)
	Thermogravimetric analysis (TGA)
	Differential scanning calorimetry (DSC)
	Culture medium preparation, inoculation, and adjustment
	Bacterial proliferation assay
	Bioreactor assay

	Results
	Scanning electron microscopy (SEM)
	Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)
	Fourier transform infrared spectroscopy (FTIR)
	Cellular proliferation in bacteria
	Bioreactor assay

	Discussions
	Acknowledgements 
	References


