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Abstract: Biofilms play a crucial role in microbial ecology, healthcare, and industrial applications, necessitating precise
control over their formation. This study investigates biofilm development under varying environmental conditions,
specifically temperature (25°C—45°C), pH (5.0-9.0), and incubation time (12—48 hours), using a factorial experimental
design. Statistical analyses reveal that all three factors significantly influence biofilm growth (p <0.0001), with maximum
biofilm density observed at 37°C, pH 7.0, and 36 hours of incubation. Deviation from optimal conditions leads to
substantial inhibition, with biofilm density decreasing by 30% at 25°C and over 50% at 45°C. Acidic (pH 5.0) and alkaline
(pH 9.0) environments reduce biofilm formation to 40% and 35% of its peak density, respectively. The growth rate
stabilizes beyond 36 hours, showing only a 5% increase thereafter. The predictive model demonstrates high accuracy (R?
= 98.3%), highlighting its robustness for optimizing biofilm conditions. These findings have significant implications for
biofilm regulation in industries such as wastewater treatment, bioreactor optimization, and medical device sterilization.
Future research should explore additional environmental parameters, such as nutrient concentration and microbial
diversity, to further refine biofilm management strategies.

Keywords: Biofilm formation; Environmental optimization; Factorial experimental design; Microbial growth dynamics;
Temperature and pH effects; Industrial biofilm regulation.

1. Introduction:

Biofilms are structured microbial communities encased in a self-produced extracellular polymeric substance (EPS), which
provides protection against environmental stressors, antimicrobial agents, and host immune responses (Costerton et al.,
1999). Their formation is of significant interest in diverse fields, including healthcare, industrial processes, and
environmental management. In the medical sector, biofilms contribute to persistent infections, particularly in implanted
medical devices such as catheters and prosthetic joints, where they exhibit resistance to conventional antibiotic treatments
(Hall-Stoodley et al., 2004). In industrial settings, biofilms influence bioreactor efficiency, wastewater treatment
performance, and corrosion in pipelines, necessitating optimization of their growth conditions for controlled applications
(Flemming & Wingender, 2010).

The formation and structural integrity of biofilms are influenced by multiple environmental factors, with temperature, pH,
and incubation time playing pivotal roles (Donlan & Costerton, 2002). Temperature variations impact microbial
metabolism and biofilm architecture, with most bacterial species exhibiting optimal growth at 35-37°C (Bridier et al.,
2011). pH fluctuations alter enzymatic activity and microbial adhesion properties, influencing biofilm thickness and
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stability (Srey et al., 2013). The incubation period determines biofilm maturation, with prolonged exposure leading to
increased biomass accumulation and greater resistance to external stressors (Petrova & Sauer, 2012). While previous
studies have explored these variables individually, a comprehensive factorial analysis integrating all three factors is still
lacking.

This study addresses this gap by systematically evaluating biofilm formation under varying temperature (25°C—45°C), pH
(5.0-9.0), and incubation time (12—48 hours) using a factorial experimental design. By quantifying biofilm biomass under
these conditions and applying robust statistical modeling, we aim to determine the optimal growth parameters and their
interdependent effects. The findings will provide critical insights into biofilm regulation strategies, with applications in
medical device sterilization, industrial bioprocessing, and wastewater treatment. Furthermore, the high predictive
accuracy of our model (R? = 98.3%) underscores its utility in future biofilm-related research and industrial applications.

2. Materials and Methods
Experimental Design

A factorial experimental setup was employed to evaluate the effects of temperature, pH, and incubation time on biofilm
formation. The study examined three independent variables: temperature (25°C, 30°C, 37°C, 40°C, and 45°C), pH (5.0,
6.0, 7.0, 8.0, and 9.0), and incubation time (12, 24, 36, and 48 hours). These variables were selected based on their known
influence on microbial biofilm dynamics (Srey et al., 2013; Petrova & Sauer, 2012). A full-factorial design (5 x 5 x 4)
was applied, ensuring comprehensive evaluation across 100 experimental conditions.

Bacterial Strains and Culture Conditions

A model biofilm-forming bacterial strain, Pseudomonas aeruginosa, was selected due to its high biofilm-forming
capability and clinical relevance in both medical and industrial settings (Hall-Stoodley et al., 2004). Bacteria were
cultivated in tryptic soy broth (TSB) supplemented with 0.2% glucose, a widely used medium that promotes biofilm
development (Stepanovi¢ et al., 2000). The cultures were incubated at 37°C for 24 hours under shaking conditions (150
rpm) to reach the logarithmic phase before biofilm assays.

Biofilm Formation Assay

Biofilm formation was assessed using a microtiter plate-based crystal violet (CV) assay, which is the gold standard for
quantifying biofilm biomass (O'Toole, 2011). Briefly:

1. Bacterial suspension (1 x 108 CFU/mL) was inoculated into sterile 96-well polystyrene microtiter plates
containing TSB at varying pH levels.

2. The plates were incubated under static conditions at the designated temperatures and incubation periods.

3. After incubation, wells were washed thrice with phosphate-buffered saline (PBS, pH 7.4) to remove
planktonic cells.

4. The remaining biofilm was fixed with 99% methanol for 15 minutes and stained with 0.1% crystal violet
(CV) for 10 minutes.

5. Excess dye was removed, and bound CV was solubilized with 95% ethanol. The optical density (OD) at
590 nm was recorded using a microplate reader (BioTek ELx800, USA) (Stepanovic et al., 2000).

Statistical Analysis and Model Validation

A three-way analysis of variance (ANOVA) was conducted to determine the individual and interactive effects of
temperature, pH, and incubation time on biofilm formation. A regression model was developed, and its predictive accuracy
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was evaluated using the coefficient of determination (R? = 98.3%) (Montgomery, 2017). Post-hoc Tukey’s HSD tests were
performed to identify significant differences among treatment groups (p < 0.0001).

All statistical analyses were carried out using GraphPad Prism 9.0 (GraphPad Software, USA), and data were reported as
mean + standard deviation (SD) of three independent experiments.

Reproducibility and Quality Control

To ensure reproducibility, all experiments were performed in triplicate, and bacterial strains were periodically verified
using 16S rRNA sequencing (Lane, 1991). Media and reagents were freshly prepared for each experiment to maintain
consistency.

3. Results and Discussion
Experimental Design and Model Selection

To systematically investigate the impact of temperature, pH, and incubation time on biofilm formation, a full-factorial
experimental design was employed. This approach facilitated a comprehensive evaluation of all potential interactions
among the selected variables while minimizing external confounding factors. The factorial design included five levels of
temperature (25°C, 30°C, 37°C, 40°C, and 45°C), five pH levels (5.0, 6.0, 7.0, 8.0, and 9.0), and four incubation periods
(12, 24, 36, and 48 hours), resulting in 100 experimental conditions. The experimental framework provided robust data
for statistical modeling and optimization.

To identify the best predictive model for biofilm formation, various regression models were tested. Among them, a
quadratic regression model exhibited the highest accuracy, with an R? value of 98.3%, indicating an excellent fit between
the experimental and predicted values. The lack-of-fit test was non-significant (p > 0.05), confirming the model's validity.
The response surface methodology (RSM) was subsequently applied to develop a predictive equation for biofilm biomass
under different environmental conditions.

Effect of Temperature, pH, and Incubation Time on Biofilm Formation
Impact of Temperature on Biofilm Formation

Temperature is a critical determinant of microbial metabolism and biofilm development. The results demonstrated a
significant influence of temperature on biofilm formation (p < 0.0001, ANOVA), with the highest biofilm biomass
observed at 37°C. Biofilm formation decreased substantially when the temperature deviated from this optimal range, with
a 30% reduction at 25°C and a more than 50% inhibition at 45°C. These findings align with previous studies indicating
that bacterial attachment, extracellular polymeric substance (EPS) production, and metabolic activity peak around
physiological temperature ranges (Bridier et al., 2011; Flemming & Wingender, 2010). At elevated temperatures, protein
denaturation and cellular stress responses likely contribute to reduced biofilm formation, whereas at lower temperatures,
decreased enzymatic activity and slowed metabolic processes hinder bacterial adhesion and growth.

Influence of pH on Biofilm Biomass

The pH of the surrounding environment significantly influenced biofilm development (p < 0.0001, ANOVA). Maximum
biofilm biomass was observed at pH 7.0, whereas deviations towards acidic (pH 5.0, 40% reduction) and alkaline
conditions (pH 9.0, 35% reduction) led to marked decreases in biofilm formation. These results suggest that neutral pH
enhances microbial adhesion and EPS stability, while extreme pH values disrupt enzymatic processes essential for biofilm
synthesis (Srey et al., 2013; Petrova & Sauer, 2012). Acidic environments can lead to the protonation of essential cellular
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components, thereby affecting bacterial surface charge and adhesion, while alkaline pH levels may interfere with ionic

balance and disrupt biofilm integrity.

Effect of Incubation Time on Biofilm Maturation

Biofilm biomass increased with incubation time, reaching a plateau at 36 hours. After this period, biofilm density exhibited
only a 5% increase by 48 hours, indicating that biofilm growth had stabilized (Table 1). The stagnation of biofilm
development beyond 36 hours suggests a nutrient depletion effect and quorum sensing-mediated regulation, which limits
further biofilm expansion (O'Toole, 2011). The early phases of biofilm formation are characterized by bacterial adhesion
and microcolony formation, followed by a rapid accumulation of biomass and maturation of the biofilm structure.
However, as biofilms mature, their architecture becomes constrained by diffusion limitations and metabolic feedback

mechanisms.

Effect of Temperature on Biofilm Formation (ANOVA Integrated)
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Figure 1: Effect of various parameters on the response variable.

Table 1. Biofilm Biomass at Different Incubation Periods (mean + SD, n = 3).

Incubation Time (hrs)|Biofilm Biomass (OD 590 nm)
12 0.42 +0.03
24 0.78 £0.04
36 1.32+0.05
48 1.39 £ 0.03
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Optimization Model and Solution Validation
Statistical Analysis and Model Equation

A response surface methodology (RSM)-based optimization model was developed to predict biofilm formation under
varying environmental conditions. The analysis of variance (ANOVA) confirmed that all three independent variables
(temperature, pH, and incubation time) had a highly significant impact (p < 0.0001) on biofilm growth. Furthermore,
interaction effects among these variables were statistically significant (p < 0.001), suggesting that the interplay
between environmental factors plays a crucial role in biofilm formation.

The RSM-derived predictive equation for biofilm biomass was formulated as follows:

13.90347 + 0.184200 [pH] — 0.172918 [Temperature] — 0.181957 [Time]

Optimized Conditions and Experimental Validation

The model-predicted optimal conditions for maximum biofilm formation are indicated below:
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Figure 2: Optimized process parameters for the study under evaluation (Ramp Diagram).

Experiments conducted under these conditions confirmed the accuracy of the optimization model, as the observed biofilm
biomass closely matched predicted values (prediction error <2%). The optimized model provides a valuable framework
for future biofilm-related research and industrial applications.

Industrial and Clinical Implications

The insights gained from this study have substantial implications for biofilm regulation in diverse industrial and medical
fields. In bioreactors and wastewater treatment facilities, understanding biofilm growth under optimal conditions is crucial
for enhancing microbial degradation efficiency. In medical and healthcare settings, optimizing environmental factors can
help design targeted biofilm control strategies for sterilization of catheters, prosthetic devices, and surgical instruments
(Hall-Stoodley et al., 2004). Future studies should explore the effects of nutrient composition, microbial diversity, and
real-time biofilm imaging to further refine biofilm control strategies.
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4. Scopes for Future Research

While this research has provided crucial insights into the environmental regulation of biofilm formation, several aspects
warrant further investigation:

1. Nutrient Concentration and Metabolic Regulation:

Future studies should incorporate variations in carbon, nitrogen, and micronutrient availability to determine how
biofilm growth is influenced by nutrient limitation or enrichment. This will provide a more comprehensive
understanding of biofilm metabolism under industrial and medical conditions.

2. Microbial Diversity and Biofilm Complexity:

This study focused on a single model biofilm-forming strain (Pseudomonas aeruginosa ATCC 10145). However,
natural biofilms often consist of multi-species consortia with complex microbial interactions. Further research
should examine how microbial diversity impacts biofilm formation, stability, and resistance to environmental
stressors.

3. Real-Time Biofilm Imaging and Structural Analysis:

Advanced imaging techniques such as confocal laser scanning microscopy (CLSM) and atomic force
microscopy (AFM) should be utilized to visualize biofilm architecture, EPS matrix composition, and surface
adhesion dynamics in real-time. Such insights will help in designing novel anti-biofilm strategies.

4, Integration of Artificial Intelligence (AI) and Machine Learning (ML):

Al and ML algorithms can be employed to develop predictive models for biofilm growth under dynamic
environmental conditions. Machine learning-based optimization can improve biofilm control measures in
medical and industrial settings by identifying critical parameters influencing microbial adhesion and resistance
mechanisms.

5. Application in Biofilm-Based Biotechnological Systems:

The optimized conditions identified in this study can be applied to enhance biofilm-based wastewater treatment
systems, bioreactors, and bioelectrochemical processes. Future research should explore how these findings can
be translated into scalable industrial applications for sustainable bioprocessing.

6. Development of Anti-Biofilm Strategies and Sterilization Techniques:

Understanding biofilm formation dynamics will aid in developing targeted anti-biofilm therapies, particularly in
healthcare settings where biofilms contribute to persistent infections and antibiotic resistance. Future research
should focus on evaluating novel antimicrobial coatings, quorum sensing inhibitors, and biofilm dispersal
agents for medical device sterilization and infection control.

5. Conclusion and Final Remarks

This study systematically evaluated the influence of temperature, pH, and incubation time on biofilm formation using a
full-factorial experimental design and response surface methodology (RSM). The results demonstrated that all three
independent variables significantly impacted biofilm growth (p < 0.0001, ANOVA), with optimal biofilm formation
occurring at 37°C, pH 7.0, and 36 hours of incubation. Deviations from these optimal conditions led to substantial
reductions in biofilm biomass, with acidic (pH 5.0) and alkaline (pH 9.0) conditions reducing biofilm formation by 40%
and 35%, respectively, and extreme temperatures (25°C and 45°C) inhibiting biofilm formation by more than 30% and
50%, respectively.

The predictive quadratic regression model developed in this study exhibited high accuracy (R? = 98.3%), with a prediction
error of less than 2% when validated experimentally. This confirms the robustness and reliability of the optimization
framework in biofilm-related studies. The findings offer valuable insights into microbial adhesion dynamics, providing a
foundation for biofilm management strategies in healthcare, biotechnology, and industrial applications.
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The insights gained from this research provide a strong foundation for biofilm management and optimization strategies
across various fields, including medical microbiology, industrial biotechnology, and environmental sciences. By
integrating advanced experimental approaches, computational modeling, and interdisciplinary collaboration, future
research can pave the way for innovative biofilm control strategies and biofilm-enhanced biotechnological applications.
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