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ARTICLE INFO ABSTRACT

Keywords: The disk inhibition zone test is a widely used and visually interpretable method for evaluating the antibacterial
Amiba“e.fia]. membranes properties of membranes. However, the lack of a consistent, standardized methodology for disk inhibition zone
Standardization testing limits reliable assessment of antibacterial performance in membranes. Herein, we introduce a systematic
Biofouling control . . s . . . .

AgMOF and reproducible framework for investigating the key experimental parameters, including bacterial concentra-
PLIMB tion (105—1 0° CFU/ mL), nutrient media (i.e., tryptic soy broth (TSB)) concentration (15-60 g/L), incubation time

(6-10 h), and various bacterial spreading techniques such as overlayer (OL), glass spreader (GS), and cotton swab
(CS) method. Quantitative image analysis in ImageJ, combined with comprehensive statistical evaluation,
revealed that bacterial concentration and TSB levels were the most influential factors in determining inhibition
zone diameter. In contrast, the choice of spreading technique significantly affected the uniformity and integrity
of the inhibition zone. Results showed that utilizing a bacterial concentration of 10’ CFU/mL, TSB concentration
of > 30 g/L, incubation times of 8-10 h, and the overlayer (OL) method, although less commonly used in the
literature, led to the most consistent inhibition zones, as these conditions promote stable bacterial growth ki-
netics and uniform lawn formation. This framework provides a reliable approach to standardize antibacterial
membrane testing and improve cross-study comparability and validation.

1. Introduction and biofilm formation (Dadashi Firouzjaei et al., 2024; Firouzjaei et al.,
2025; Li et al., 2018; Lin et al., 2025; Liu et al., 2024; Pilevar et al.,
2025). Various experimental methods have been utilized to assess the

antibacterial efficacy of modified membranes, including colony-forming

Membrane technologies play a critical role in desalination (Karki
et al., 2024), wastewater reuse (Shehata et al., 2023), potable water

protection (Ghofrani et al., 2023), and sustainable water treatment
(Curié et al., 2021). Membranes act as selective barriers that rely on size
exclusion to block contaminants while allowing clean water to pass
(Zandi et al., 2025). However, biological fouling (biofouling) remains a
major challenge, leading to reduced water flux (Sun et al., 2020), higher
energy consumption (Zou et al., 2016), and shortened membrane life-
span (Zhang et al., 2014).

To mitigate biofouling, various antimicrobial agents, such as poly-
mers (Bryaskova et al., 2025), biocidal nanomaterials like metal-based
nanoparticles (NPs) (Firouzjaei et al., 2018), carbon-based materials
(Martinez et al., 2016), MXene (Firouzjaei et al., 2025; Seidi et al.,
2023), and metal-organic frameworks (Zirehpour et al., 2016) have
been incorporated into membrane structures to inhibit bacterial growth

* Corresponding authors.

unit (CFU) counting (Alkahtani et al., 2023), suspension or adhesion
methods (Bento de Carvalho et al., 2024; Hall et al., 2020), biofilm as-
says (Hall et al., 2020), and disk inhibition zone tests (Cunliffe et al.,
2021). Among these, the disk inhibition zone test is widely used due
to its simplicity and cost-effectiveness (Hudzicki, 2009), where a
membrane sample is placed on an inoculated agar plate (AATCC, T.
2017), and the resulting clear zone is used to assess antibacterial ac-
tivity (Ahman et al., 2019).

However, experimental parameters such as bacterial concentration,
nutrient media composition, incubation time, and spreading technique
can significantly affect inhibition zone results for antibacterial mem-
branes, making comparisons across studies difficult (Hamouda et al.,
2021; Yan et al., 2023; Zan et al., 2023). As summarized in Table S1,
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variations in testing conditions across antibacterial membrane studies
make direct comparisons of inhibition zone results difficult. Therefore, a
systematic evaluation of these factors is needed to improve test reli-
ability, reproducibility, and comparability.

In this study, a standardized and reproducible framework for disk
inhibition zone testing of antibacterial membranes is developed. Key
experimental parameters, including spreading technique, bacterial
concentration, incubation time, nutrient media concentration, and
membrane type, are systematically evaluated. Statistical analysis is used
to quantify their influence on inhibition zone diameter and quality. This
framework provides a practical method for consistently and comparably
assessing antibacterial membranes.

2. Experimental methods

Disk inhibition zone tests were performed using Escherichia coli (E.
coli) at concentrations of 10°-10° CFU/mL on TSB agar plates contain-
ing 15, 30, and 60 g/L. Based on the preparation instructions for BD
Difco™ TSB (Becton 2026), 30 g/L was used as the standard
full-strength concentration, while 15 and 60 g/L were selected to
represent half-strength and double-strength TSB, respectively. Before
testing, bacterial cultures were grown to the log phase and then trans-
ferred to PBS. Three spreading techniques were evaluated: overlayer
(OL), glass spreader (GS), and cotton swab (CS) (Table S2). Membrane
samples with a diameter of 1.5 cm were placed with their active/coated
surfaces facing downward in direct contact with the inoculated agar
surface or, for the OL method, the inoculated soft agar overlayer. The
plates were incubated at 37 °C for 6, 8, and 10 h. Polyhexamethylene
biguanide (PHMB) is a cationic polymer due to its protonated biguanide
groups (Sowlati-Hashjin et al., 2020; Wang et al., 2021), whereas
AgMOF-containing membranes can display negative surface-charge
properties, partly because of deprotonated carboxylate groups in the

-E. coli Concentration (CFU/mL)—
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BTC ligand (Firouzjaei et al., 2018; Seyedpour et al., 2020). Accordingly,
negatively charged antibacterial membranes (NCAMs) were created by
depositing AgMOF particles onto PVDF microfiltration membranes via
dead-end filtration, while positively charged antibacterial membranes
(PCAMs) were produced by modifying PVDF membranes with PHMB.
These membranes were used as representative antibacterial membranes
with different surface charges and antibacterial mechanisms. Details of
membrane preparation and characterization are provided in Figures S1
and S3, respectively. Inhibition zone diameters were measured using
ImageJ (Figure S2). In addition to diameter, circularity was measured
from the area and perimeter of each inhibition zone to support the
classification of defective and non-defective zones (Table SD1). Each
experimental condition was tested in triplicate using independent agar
plates and membrane coupons. Statistical analysis was performed using
JMP Pro 17 with regression models to evaluate the effects of experi-
mental parameters.

3. Results and discussion
3.1. Effects of bacterial concentration on disk inhibition zone

Fig. 1 presents a comparative analysis of inhibition zones formed at
different bacterial concentrations. The box plots in Fig. 1aj, b, and ¢;
show the distribution of inhibition zone diameters, with colors indi-
cating defective and non-defective zones (Table SD2). Representative
agar plate images (Fig. lag—ae, ba—be, and ca—ce) further illustrate the
visual differences in zone formation under fixed TSB concentration (30
g/L) and incubation time (8 h).

Bacterial concentration had a limited effect on the average inhibition
zone diameter, which ranged from 19 to 22 mm across all spreading
techniques (Fig. 1a;, by, and ¢;). A slight reduction in zone diameter was
observed at higher bacterial concentrations (> 10 CFU/mL),
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Fig. 1. Disk inhibition zone results of NCAM using three spreading techniques: (a;) OL, (b;) GS, and (c;) CS. evaluated at E. coli at five concentrations (10%,10°, 107,
108, and 10° CFU/mL). Box plots show zone diameters, while images (as_g, ba_g, and cy_¢) illustrate inhibition zones after 8 h incubation on TSB agar (30 g/L).
Bacterial concentration significantly affected the inhibition zone diameter, as indicated by the regression model (F = 25.27, p < 0.0001). Box colors summarize the
defect status among the three replicates: blue represents 0/3 defective zones, blue-purple represents 1/3, red-purple represents 2/3, and red represents 3/3 defective
zones, as defined in Table SD2. The colors are independent of inhibition-zone diameter and circularity.
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particularly for the GS method. The greater defectiveness observed at
108 CFU/mL with the CS method was likely due to uneven manual
spreading rather than to bacterial concentration, since the OL method
produced uniform zones under the same conditions. In contrast, bacte-
rial concentration strongly affected zone quality. At lower bacterial
concentrations of 10° and 10° CFU/mL, defective inhibition zones were
frequently observed, particularly with the GS (Fig. 1bg,3) and CS tech-
niques (Fig. 1cg,3). This behavior was attributed to delayed bacterial
growth and incomplete lawn formation, which resulted in uneven
clearing and irregular inhibition patterns (Qiu et al., 2022;
Rewak-Soroczynska et al., 2022). In contrast, higher bacterial concen-
trations, especially 10° CFU/mL, often resulted in bacterial overgrowth
and possible masking of membrane-derived antibacterial activity
(Pimentel et al., 2020). Overall, the intermediate concentration of 107
CFU/mL produced a more uniform bacterial lawn and non-defective
inhibition zones with the CS and OL methods. In contrast, nonuniform
lawns and defective zones were common with the GS method at all
concentrations (Figure S5).

Among all techniques, the OL method consistently produced the
most uniform and non-defective inhibition zones across the tested con-
centration range (Figure S6). This behavior can be attributed to the soft
agar environment, which promotes homogeneous bacterial dispersion
and stable growth conditions. In contrast, manual surface-spreading
methods, including GS and CS, can introduce uneven cell distribution,
surface disruption, and localized drying, thereby compromising lawn
uniformity and zone integrity (Meng et al., 2021). Glass-bead spreading
is also based on mechanical movement across the agar surface and may
therefore be subject to operator-dependent variability similar to the GS
technique. The uniformity of bacterial distribution can depend on fac-
tors such as the number of beads, the direction and intensity of plate
movement, and the spreading time (Prusokiene et al., 2021; Sanders,
2012). Circularity analysis further supported this finding, showing
that OL produced more circular and uniform zones, while GS and CS
often showed lower circularity due to irregular or defective zone for-
mation (Table SD1). These results indicate that bacterial concentration
and spreading technique must be controlled to avoid a misleading
interpretation of antibacterial membrane performance.

3.2. Effects of incubation time on disk inhibition zones

Figs. 2 and S8 show the effect of incubation time on inhibition zone
diameter and defectiveness across the three spreading techniques.
Minimal changes in average zone diameter were observed from 6 to 10
h, with values remaining around 19-21 mm regardless of spreading
technique (Fig. 2a-c), indicating that incubation time did not signifi-
cantly affect zone diameter (Table S3). However, incubation time
strongly influenced zone quality and the reliability of visual
interpretation.

The short incubation time (6 h) resulted in numerous defective in-
hibition zones in the GS and CS techniques (Fig. 2d), particularly at
lower bacterial concentrations (10° and 10° CFU/mL), where incom-
plete lawn formation was evident (Fig. 2d). These observations indicate
that lower bacterial concentrations require a longer incubation period to
form a continuous bacterial lawn and clearly define the inhibition zone
boundary. Higher bacterial concentrations led to visible lawns forming
more rapidly, although excessive growth at the highest concentration
could partially mask the inhibition zone. In contrast, the OL method
produced more uniform zones at short incubation times, particularly at
bacterial concentrations (> 10’ CFU/mL). This behavior is attributed to
the semi-solid and moist soft agar layer, which promotes uniform bac-
terial dispersion and faster lawn development (Be'er et al., 2009;
Schwarcz et al., 2016). In contrast, GS and CS showed delayed zone
development (Fig. 2d), likely due to uneven bacterial distribution,
localized drying, and mechanical disturbance during manual spreading
(Ohgiwari et al., 1992).

Increasing the incubation time to 8-10 h reduced the number of
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defective zones and produced clearer inhibition boundaries (Figs. 2a and
S7). The OL method produced predominantly non-defective zones after
8-10 h, whereas GS and CS still showed some defective zones due to
inconsistencies in manual spreading. These results indicate that incu-
bation time must be sufficient to allow bacterial lawn development and
antimicrobial diffusion without overgrowth. Therefore, an incubation
time of 8-10 h provides a more reliable window for evaluating
membrane-derived antibacterial activity (Mai et al., 2025).

The time-lapse video (Video S1) further confirmed the role of incu-
bation time in the development of the inhibition zone. Bacterial growth
initiated within the first hour, and a noticeable color change of the
NCAM was observed after approximately 2 h, likely associated with Ag®
oxidation and Ag*release (Berchel et al., 2011; Jaros et al., 2020). The
inhibition zone became faintly visible between 5.5 and 6 h and pro-
gressively expanded into a stable, circular, and non-defective zone by 8
h. These observations support the conclusion that sufficient incubation
time is required for both bacterial lawn development and antimicrobial
diffusion, making 8-10 h a reliable window for reproducible inhibition
zone evaluation. Key stages of zone development are shown in Figure S9.

3.3. Effects of TSB agar composition on disk inhibition zones

The effects of TSB concentration on disk inhibition zone formation
were evaluated using TSB agar plates prepared at three concentrations
(15, 30, and 60 g/L). Fig. 3 shows the distribution, variability, and
defectiveness of inhibition zones across different TSB and bacterial
concentrations, with additional representative plate images shown in
Figure S11. A relatively low TSB concentration of 15 g/L resulted in a
large number of defective inhibition zones across all three spreading
techniques, particularly with the CS method (Fig. 3c), due to delayed
bacterial growth (Rewak-Soroczynska et al., 2022). Low nutrient
availability can restrict bacterial metabolism, slow replication, and
reduce motility, leading to poor lawn development and irregular colony
patterns (Wang et al., 2023). Increasing the TSB concentration levels to
30 and 60 g/L led to fewer defective zones in the OL and CS (Figs. 3a-c
and S10) techniques.

As demonstrated in Figs. 3a—c, increasing TSB concentration from 15
to 60 g/L resulted in larger inhibition zone diameters across all
spreading techniques, highlighting the significant influence of nutrient
concentration on zone formation. Although higher TSB concentrations
generally produced larger inhibition zones (~23 mm), this trend does
not fully align with previous studies (; Brady and Katz, 1990; Okada
et al., 2007). While inhibition zone diameter is commonly attributed
to bacterial species, inoculum density, and nutrient concentration, these
factors alone cannot fully explain the observed variability. For example,
E. coli grown in different media, such as TSB and Mueller-Hinton (MH),
exhibits distinct metabolic behavior. This difference has been linked to
the higher peptide and glucose content in TSB, which accelerates bac-
terial metabolism, whereas MH is designed to minimize variability in
diffusion-based measurements (Ratiu et al., 2017). In addition, varia-
tions in inhibition zone diameter have been reported under similar
biological conditions when different membrane substrates were used,
suggesting that membrane-specific properties contribute (Dahms and
Hellio, 2009).

3.4. Effects of membrane surface charge on disk inhibition zones

Surface charge is another membrane-specific factor influencing in-
hibition zone formation. Gram-negative bacteria such as E. coli have
negatively charged cell surfaces due to phosphate and carboxyl groups,
which can affect their interactions with charged membranes and anti-
microbial agents (Abbaszadegan et al., 2015; Ratiu et al., 2017). Posi-
tively charged materials can enhance antibacterial activity through
stronger electrostatic interactions with bacterial membranes (Simcock
et al., 2020).

To further evaluate this effect, the role of membrane surface charge
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was investigated using a PCAM based on PHMB (Kathuria et al., 2021;
Liang et al., 2020) and an NCAM based on AgMOF (Pilevar et al., 2025),
which were tested under controlled conditions using the OL method and
107 CFU/mL E. coli across different TSB concentrations and incubation
times (Fig. 4). For PCAM, the measured clear-zone diameter decreased
as TSB concentration increased, with the largest value observed at 15
g/L, whereas NCAM produced larger inhibition zones at 30 and 60 g/L
TSB (Fig. 4by, c). These trends suggest that inhibition zone formation
depends not only on bacterial growth conditions but also on membrane
surface chemistry and antibacterial mechanism (Sowlati-Hashjin et al.,
2020; Yamada et al., 2010). PHMB exhibits antibacterial activity
mainly through electrostatic interactions with negatively charged bac-
terial cell surfaces (Hornschuh et al., 2020; Vaz et al., 2023). The clear
region corresponding to the PCAM surface is consistent with
contact-mediated antibacterial activity, while the peripheral halo may
indicate limited desorption and diffusion of PHMB into the agar. In
contrast, the NCAM inhibition halo is associated with the release and
diffusion of antibacterial silver species (Sanchez et al., 2022). These
results demonstrate that inhibition zone formation depends on both the
testing conditions and the membrane's antibacterial mechanism.
Therefore, the comparison between PCAM and NCAM confirms that the
optimized testing conditions are relevant to different antibacterial
membrane chemistries rather than a single membrane system.

3.5. Statistical analysis

The least squares regression model showed good agreement between
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predicted and experimental inhibition zone diameters (Figure S12a),
with R-squared (R2) and root mean square error (RMSE) values of 0.72
and 0.99, respectively. ANOVA confirmed the model's statistical signif-
icance (p-value < 0.05), indicating that at least one factor significantly
affects the inhibition zone diameter (Table S4). The model reliability
was further supported by the normal distribution of residuals
(Figure S12b) and the absence of outliers in the studentized residual plot
(Figure S12c).

The statistically significant variables were identified at a 95% con-
fidence level (« = 0.05), indicating their substantial influence on the
disk inhibition zone diameter (Table S3). Notably, TSB concentration
was identified as the most significant factor influencing zone diameter
(Table S3), consistent with the trends observed in Fig. 3. Bacterial
concentration was the second most significant factor, followed by the
interactions between TSB concentration and bacterial concentration and
between TSB concentration and incubation time. A reduced model was
also developed by removing non-significant terms (see Table S6), and
additional statistical details are provided in Table S5. Nominal logistic
regression confirmed the model's statistical significance for defective/
non-defective zone formation (p-value < 0.0001), with an overall pre-
diction accuracy of 77.8%. The confusion matrix showed higher pre-
diction accuracy for defective zones than for non-defective zones
(Table S7). Effect likelihood ratio analysis further identified the
spreading technique as the most influential factor affecting defective/
non-defective zone formation, followed by bacterial concentration and
incubation time (Table S8).
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Fig. 4. Disk inhibition analysis of NCAM and PCAM under different TSB concentrations and incubation times. (a) Measured clear-zone diameters for NCAM and
PCAM at TSB concentrations of 15, 30, and 60 g/L. All experiments were performed using the OL technique with an E. coli concentration of 107 CFU/mL. Schematic
illustrations show the surface characteristics of (b;) the AgMOF-based NCAM and (b,) the PHMB-modified PCAM. (c) Representative images obtained after 6, 8, and
10 h of incubation. The PCAM exhibited a distinct region at the membrane surface, and in some cases, a peripheral halo. This suggests mainly contact-mediated

PHMB activity with possible limited PHMB desorption and diffusion.



M. Mardani et al.

4. Conclusion

A systematic framework for disk inhibition zone testing was estab-
lished to enhance the reliability and reproducibility of antibacterial
membrane evaluations. The results demonstrated that experimental
conditions significantly influenced inhibition-zone formation, with TSB
concentration mainly affecting zone diameter and spreading technique
strongly impacting zone quality. Bacterial concentration and incubation
time also impacted the uniformity and stability of bacterial lawn for-
mation. Since uniform bacterial lawn formation is essential for clearly
identifying the inhibition zone boundary, the required incubation time
may vary depending on the bacterial species and initial bacterial con-
centration. Among the tested methods, the OL technique produced the
most uniform, well-defined, and reproducible inhibition zones by
dispersing E. coli within soft agar before applying it to the TSB agar
plate. Although absolute inhibition-zone diameters may vary with bac-
terial species, membrane properties, and antibacterial mechanisms, the
proposed framework provides consistent testing conditions that reduce
false-positive zones and enable more reliable comparisons of antibac-
terial membranes.
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