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Abstract 

Bacterial cellulose (BC) is an attractive biopolymeric scaffold for the development of functional 
membranes due to its high purity, nanofibrillar network, mechanical robustness, and 
biocompatibility. In this work, we report the production and characterization of BC membranes 
functionalized with silver nanoparticles (AgNPs) generated through a plant-mediated green 
synthesis strategy, with particular emphasis on maximizing nanoparticle incorporation within the 
BC matrix. Mint (Mentha spicata) and avocado (Persea americana) extracts were employed as dual 
reducing and stabilizing agents for AgNP formation, enabling nanoparticle synthesis under mild and 
environmentally benign conditions. AgNP formation was first investigated in aqueous media as a 
function of silver precursor concentration, pH, and temperature, and monitored by UV–Vis 
spectroscopy through localized surface plasmon resonance (LSPR) features. Neutral pH (pH 7) and 
moderate temperature (23 °C) were identified as optimal conditions, yielding well-defined LSPR 
indicative of efficient and controlled nanoparticle formation. Two strategies for BC functionalization 
were subsequently compared: post-synthesis immersion of BC membranes in AgNP suspensions and 
in situ synthesis of AgNPs directly within the BC network. Spectroscopic analysis demonstrated that 
in situ synthesis enables significantly higher effective nanoparticle loading and a more homogeneous 
distribution throughout the BC scaffold, compared with the immersion approach.The resulting BC–
AgNP composite membranes were subsequently evaluated for their antibacterial efficacy against 
Escherichia coli. Antibacterial performance was assessed using two complementary experimental 
stups. In the first, composite membranes were placed on agar surfaces uniformly seeded with E. coli, 
and the diameter of the resulting inhibition zones was measured following a defined incubation 
period as an indicator of bacteriostatic and bactericidal activity. In the second model, the BC–AgNP 
membranes were directly introduced into liquid cultures of E. coli, and bacterial growth was 
quantified by measuring the optical density (OD) of the cultures after incubation. This dual assay 
approach allowed for evaluation of both surface- mediated inhibition and the effects of AgNP release 
on planktonic bacterial growth. Membranes functionalized via in situ synthesis exhibited markedly 
enhanced antibacterial activity, with larger growth-inhibition zones and the absence of bacterial 
regrowth in both solid and liquid assays, confirming a predominantly bactericidal effect. Overall, this 
study demonstrates that combining bacterial cellulose with in situ green synthesis of silver 
nanoparticles is an effective strategy to maximize nanoparticle incorporation and produce robust 
antimicrobial membranes, offering strong potential for applications in wound dressings, filtration 
systems, antimicrobial packaging, and other sustainable functional materials. 

Keywords: silver nanoparticles; bacterial cellulose; green synthesis; antibacterial membranes; in situ 
nanoparticle synthesis 
 

1. Introduction 
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The potential applications of nanoparticles have expanded dramatically in recent years, driven 
by their distinctive physicochemical properties such as a high surface-to-volume ratio, tunable size 
and shape, and versatile surface functionality [1–3]. Silver nanoparticles (AgNPs) have emerged as a 
key class of materials in biomedical and functional-membrane applications [4–6]. In healthcare, 
AgNPs are incorporated not only into conventional formats (such as antimicrobial wound dressings 
and burn-treatment materials) but increasingly into membrane and composite platforms, such as 
nanofiber mats, hydrogel membranes, or polymeric scaffolds, in which the nanoparticles are 
embedded. These composite membranes enable controlled release, improved integration of the 
nanoparticles within a structural matrix, enhanced mechanical stability, and a more uniform 
distribution of the active agent, thus extending the functionality of AgNPs beyond free colloids [7]. 
Such membrane-based platforms offer the advantages of combining structural support, provided by 
the membrane, with antimicrobial, sensing, or catalytic activity, provided by the AgNPs, in a single 
construct [8,9]. 

Beyond healthcare, AgNP-functionalised membranes have been applied in water purification 
[10], antimicrobial packaging [11], and smart textiles [12], among other applications, where 
embedding nanoparticles within a matrix provides improved stability, easier handling, reduced 
leaching, and enhanced application versatility. 

Despite the clear functional advantages of nanoparticles, their production often relies on 
conventional physical or chemical synthesis methods, which typically involve hazardous reagents or 
generate toxic by-products [13]. By contrast, green chemistry approaches using biological or plant-
derived reducing and capping agents operate under milder, more environmentally benign 
conditions, offer improved control over reaction kinetics, morphology, and crystallinity, and align 
with broader sustainability goals. Green synthetic routes for AgNPs have been identified as 
promising for reducing environmental impact and increasing biocompatibility [14,15]. 

In this context, the design of functional membranes that embed green-synthesised AgNPs 
becomes especially compelling. Among biopolymeric scaffolds, bacterial cellulose (BC) stands out 
due to its exceptional physicochemical properties. BC is produced via microbial fermentation, 
exhibits high purity, features an ultrafine porous nanofibrillar network, and shows remarkable 
mechanical strength, excellent water retention, and inherent biocompatibility [16]. These 
characteristics make BC well suited as a matrix for the development of advanced nanocomposite 
membranes. 

Traditional approaches to loading nanoparticles into membranes (e.g., post-synthesis 
impregnation, electrostatic adsorption, or layer-by-layer deposition) often suffer from poor 
penetration of particles into the scaffold, non-uniform distribution, and variable loading efficiency 
[17,18]. In contrast, an in situ synthesis approach within the BC matrix can enable the direct 
conversion of metal-ion precursors (e.g., AgNO3) into nanoparticles embedded in the BC network, 
yielding a more uniform nanoparticle distribution, enhanced matrix–nanoparticle interactions, and 
improved stability and functionality in the resulting nanocomposite [19]. 

The objective of this study is to characterize the production of bacterial-cellulose (BC) 
membranes functionalized with silver nanoparticles (AgNPs) via green synthesis methods. 
Specifically, we explore the use of plant extracts from mint (Mentha spicata) and avocado (Persea 
americana) as dual reducing and stabilizing agents for AgNP formation under varied synthesis 
conditions (precursor concentration, temperature, pH), and we subsequently integrate those 
nanoparticles into BC membranes. 

While many studies have used leaf extracts from medicinal or ornamental plants (e.g., 
Azadirachta indica [20], Curcuma longa [21], Moringa oleífera [22]) for AgNP synthesis, fewer 
investigations have specifically employed avocado or mint extracts. 

According to Shahzadi et al. (2025), the type and concentration of phytochemicals in a plant 
extract (for example, flavonoids, phenolics, terpenoids, alkaloids) substantially influence 
nanoparticle formation, morphology, and stability [23]. 
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In our system, both mint and avocado extracts act simultaneously as reducing and stabilizing 
agents. The distinct phytochemical profiles of the two extracts likely lead to differences in nucleation 
and growth kinetics as well as in the final nanoparticle morphology. For example, mint extracts may 
contain higher proportions of phenolic compounds than avocado extract, thereby altering reduction 
potential and capping efficiency [24]. Although we did not quantify phytochemical content in each 
extract in this work, our results, such as distinct UV–Vis spectral features under different conditions, 
reflect these differences. 

By combining BC’s structural resilience and inherent biocompatibility with an environmentally 
friendly synthesis of AgNPs, we aim to develop membranes with significant application potential in 
antimicrobial therapies, wound-healing dressings, water-filtration membranes, antimicrobial 
packaging, and other functional membrane systems, while avoiding toxic reagents during the 
nanoparticle synthesis step. 

2. Materials and Methods Reagents Used 

The plant materials, avocado seeds and mint leaves, were sourced locally from Barcelona, Spain. 
Silver nitrate (≥99% purity) was procured from Thermo Fisher Scientific and served as the silver- ion 
precursor. To adjust pH during nanoparticle synthesis, 0.1M NaOH and 0.1M HCl solutions were 
prepared, enabling control over the reaction environment. A 0.1% (w/v) sodium citrate solution 
(Sigma-Aldrich) was added to the reaction mixture as a stabilizer to prevent nanoparticle 
agglomeration and promote colloidal stability. 

2.1. Preparation of Bacterial Cellulose Membranes 

Bacterial cellulose (BC) membranes were prepared using the acetic-acid bacterium 
Komagataeibacter hansenii (ATCC 53582), a well-established model organism for BC biosynthesis [25]. 
The process began by preparing a liquid-phase inoculum: the strain was cultured in Hestrin–
Schramm (HS) medium (glucose 20 g L−1, yeast extract 5 g L−1, peptone 5 g L−1, sodium phosphate 
dibasic 2.7 g L−1, citric acid 1.1 g L−1) at an initial pH of ~5.5. The preculture was incubated at 30 °C 
under orbital agitation at 200 rpm for 3 days to ensure high cell density. 

Following preculture, sterile trays containing 250 mL of fresh HS medium were inoculated with 
20% (v/v) of the liquid culture. The trays were then incubated under static conditions at room 
temperature, allowing BC pellicles to form progressively at the air–liquid interface for 5 days. Upon 
completion of the cultivation period, BC membranes were harvested and purified by immersion in a 
0.1M NaOH solution at 80 °C for 30 min to remove bacterial cells and associated impurities, e.g., 
proteins and DNA, in accordance with standard procedures [26]. Following the alkaline treatment, 
membranes were thoroughly rinsed multiple times with distilled water until pH ≈ 7 was achieved. 

2.2. Avocado Seed Extract 

Avocado seeds were collected, finely chopped, and transferred into a beaker containing distilled 
water. The mixture was heated at 50 °C for 40 min to facilitate the extraction of reducing 
phytochemicals, e.g., phenolics, flavonoids, polysaccharides. After cooling to room temperature, the 
mixture was vacuum-filtered using an MF-Millipore™ filter with 5 µm pore size to remove solid 
debris. The resulting filtrate constituted the avocado seed extract, which was stored in airtight 
containers at −20 °C until use. 

2.3. Mint Leaf Extract 

Fresh mint leaves (0.5g) were thoroughly washed with distilled water to remove surface 
impurities. The cleaned leaves were incubated in a known volume of distilled water and heated, for 
instance, boiled until 70 mL remained from an initial 100 mL, in accordance with common protocols 
[27]. After heating, the extract was cooled to room temperature and vacuum-filtered using an MF-
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Millipore™ filter with 5 µm pore size. The clear filtrate was aliquoted and stored at −20 °C for 
subsequent nanoparticle synthesis. 

2.4. Green Synthesis of Silver Nanoparticles Using Mint and Avocado Extracts in Aqueous Media 

Silver nitrate (AgNO3) was dissolved in Milli-Q water to prepare precursor solutions at varying 
concentrations (0.01, 0.0075, 0.005, 0.002 and 0.001 M). These concentrations allowed control over 
nanoparticle nucleation density and size, consistent with literature indicating that higher AgNO3 
concentrations often increase nucleation rates and can shift the LSPR peak position depending on 
growth and aggregation behavior [28]. 

To explore the influence of the reaction environment on nanoparticle formation, syntheses were 
conducted at three temperatures (4 °C, 23 °C and 70 °C) and under three pH conditions (acidic pH=5, 
neutral pH=7 and basic pH=11), adjusted using 0.1M HCl or NaOH 

For low-temperature synthesis at 4 °C, reactions were carried out in an ice bath. Plant extracts 
were added dropwise to the AgNO3 solution at a 1:1 volume ratio to promote controlled nucleation. 
After mixing, the reaction mixture was incubated at 4 °C with gentle shaking at 120 rpm for 24 h. 

For room and elevated temperatures (23 °C and 70 °C), the same 1:1 extract-to-AgNO3 ratio was 
used, and reaction mixtures were incubated at the respective temperatures with shaking at 120 rpm 
for 24 h. 

In all syntheses, a 0.1% (w/v) sodium citrate solution was included as a stabilizing agent to 
prevent nanoparticle agglomeration, consistent with commonly used green-synthesis approaches 
[29,30]. Verification of AgNP formation relied initially on the characteristic color change of the 
reaction mixture, which is a qualitative indicator of nanoparticle formation associated with localized 
surface plasmon resonance (LSPR). UV–Vis spectroscopy was subsequently employed to monitor 
LSPR features and shifts, which can reflect changes in nanoparticle size distribution and aggregation 
state [31–33]. 

2.5. Synthesis of Silver Nanoparticles Using Plant Extracts (Mint and Avocado) Within Bacterial Cellulose 
Membranes 

BC membranes with standardized dimensions were sectioned and immersed in 10 mL of AgNO3 
solutions at different concentrations (0.01, 0.0075, 0.005, 0.002, and 0.001 M) for 24 h to facilitate 
diffusion of Ag+ ions into the porous BC network and promote homogeneous precursor distribution. 

After loading, the membranes were collected, excess AgNO3 was removed by pressing the 
membranes between two sheets of paper, and they were then immersed in 100 mL of either mint or 
avocado extract and incubated for an additional 24h. This step enabled biomolecules present in the 
extracts, e.g., phenolics, flavonoids, terpenoids, and antioxidants, to reduce Ag+ ions within the BC 
matrix. A visible color change of the membranes, attributable to LSPR, served as an immediate 
indicator of AgNP formation. 

Upon completion of synthesis, membranes were rinsed thoroughly with Milli-Q water to 
remove residual reagents and unbound silver ions, ensuring clean nanocomposite surfaces for 
downstream characterization and applications. 

2.6. Characterization of AgNPs by UV–Visible Spectroscopy 

The synthesized silver nanoparticles were characterized by UV–Visible (UV–Vis) absorption 
spectroscopy. Spectral data were collected in the 300–800 nm range using a multimode microplate 
reader (BioTek Synergy HTX), which employs a monochromator-based absorbance system capable 
of wavelength scanning in 1nm increments. 

2.7. Strains Used for Antibacterial Activity Assays 

To evaluate the antibacterial activity of BC membranes functionalized with silver nanoparticles 
(AgNPs), Escherichia coli TOP10 (Invitrogen, USA) was used as the model organism. To facilitate 
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visualization of bacterial colonies, a recombinant strain constitutively expressing green fluorescent 
protein (GFP) under the control of the Ptet promoter [34] was generated. 

The genetic constructs were assembled using the BioBrick assembly method (Ginkgo Bioworks, 
USA) [35]. The constructs were cloned into either the pSB1AK3 backbone (high-copy plasmid 
conferring ampicillin resistance). All transformations were performed using chemically competent 
cells, and the integrity of the genetic constructs was confirmed by Sanger sequencing. 

Bacterial cultures were initiated from single colonies obtained from streaked glycerol stocks and 
inoculated into fresh Lysogeny Broth (LB) supplemented with ampicillin (35 µg mL−1; Sigma, USA). 
Cultures were incubated at 37 °C for 24h. For long-term storage, bacterial strains were preserved at 
−80 °C in LB supplemented with 20% (v/v) glycerol. 

2.8. Antibacterial Activity Assays of BC Membranes Functionalized with AgNPs 

A series of assays were conducted to evaluate the antibacterial activity of BC–AgNP membranes 
under both solid-surface and liquid conditions. The first assay involved measuring the diameter of 
the bacterial growth inhibition zone on Petri dishes containing Lysogeny Broth (LB) solidified with 
1% agar (LB agar) supplemented with ampicillin. For these assays, overnight E.coli:GFP cultures were 
prepared by inoculating single colonies obtained from streaked glycerol stocks into 5 mL of LB 
medium. Cultures were incubated at 37 °C with orbital shaking at 200 rpm. Subsequently, 100 µL of 
culture was uniformly spread over the surface of an LB agar plate. Circular pieces of BC_AgNP 
membranes were placed at various positions on the plate surface, and plates were incubated at 37 °C 
for 24h. 

The second assay was carried out in liquid culture. Circular BC–AgNP samples (4 mm in 
diameter) were introduced into 5 mL of LB medium, which was subsequently inoculated with E. 
coli:GFP from a single colony obtained from streaked glycerol stocks. A BC membrane without 
nanoparticles was used as a control. Cultures were incubated at 37 °C with orbital shaking at 200 rpm 
for 24h. After incubation, BC membranes were removed from the cultures. Subsequently, 1 µL from 
each culture was transferred into 5 mL of fresh LB medium and incubated again at 37 °C for 24h with 
orbital shaking at 200 rpm. The absorbance of the resulting cultures was measured at 660 nm. 

3. Results 

3.1. Optimization of Green-Synthesis Conditions for Silver Nanoparticles (AgNPS) 

First, silver nanoparticles (AgNPs) were synthesized in liquid phase by reducing AgNO3 at 
different concentrations using plant extracts from mint and avocado, following the procedures 
detailed in the Materials and Methods section. We evaluated synthesis efficiency as a function of 
AgNO3 concentration, temperature, and pH. The liquid-phase reactions were monitored by the 
characteristic colour change of the reaction mixture, as shown in Figure S1, which served as a 
preliminary qualitative indicator of AgNP nucleation. 

Nanoparticle formation was further assessed by analyzing the LSPR band in the UV–Vis spectra. 
For metallic nanoparticles, this analysis not only confirms nanoparticle formation but also provides 
insight into variations in particle size distribution, morphology, and aggregation state [36]. In 
particular, the position and shape of the LSPR maximum (λₘₐₓ) are strongly dependent on 
nanoparticle size and geometry: smaller nanoparticles typically exhibit a blue shift toward shorter 
wavelengths, whereas larger particles or aggregated species display a red shift toward longer 
wavelengths. Moreover, narrow and well-defined LSPR peaks are generally associated with small, 
spherical, and relatively monodisperse nanoparticles, while peak broadening or pronounced red 
shifts indicate increased particle size, anisotropy, and/or agglomeration. 

This spectral characterization was performed using AgNPs synthesized under different 
temperature and pH conditions because temperature and pH are known to influence the reaction 
kinetics and physicochemical properties of nanoparticle formation. 
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Figures S2 and S3 present the UV–Vis spectra recorded for nanoparticles synthesized using 
avocado and mint extracts, respectively, at different AgNO3 concentrations, namely 0.01 M, 0.0075 
M, 0.005 M, 0.002 M, and 0.001 M. Syntheses were carried out at low temperature (4 °C), room 
temperature (23 °C), and elevated temperature (70 °C). Likewise, three pH values were considered: 
acidic (pH = 5), neutral (pH = 7), and basic (pH = 10). In all cases, plant-extract concentrations were 
held constant and AgNO3 concentration was varied. The main characteristics of these UV–Vis spectra 
and their correlation with synthesis conditions (AgNO3 concentration, temperature, and pH) were 
analyzed. As shown in Figures S2 and S3, both synthesis efficiency and the spectral features of the 
synthesized nanoparticles depend on AgNO3 concentration as well as temperature and pH. 

AgNPs synthesis using either avocado or mint extracts was inefficient under acidic conditions, 
in some cases showing no detectable LSPR peak, indicating limited or absent AgNPs formation. 
Synthesis efficiency increased with pH, while both efficiency and nanoparticle characteristics were 
further modulated by temperature. At elevated temperature (70 °C), broader LSPR peaks were 
consistently observed, suggesting a wider particle-size distribution and/or increased aggregation. 

Overall, neutral pH (pH 7) and moderate temperature (23 °C) provided the most favorable 
conditions, yielding higher and narrower LSPR peaks. Although higher temperatures enhanced 
reaction kinetics, they also led to broader LSPR peaks, whereas acidic conditions strongly suppressed 
nanoparticle formation. It is worth noting that differences between mint and avocado extracts were 
reflected in distinct UV–Vis spectral profiles, indicating extract- dependent effects on nanoparticle 
characteristics. 

3.2. Functionalization of Bacterial Cellulose Membranes with Silver Nanoparticles. 

Two different strategies were explored to functionalize BC membranes with AgNPs. The first 
strategy consisted of immersing BC membranes in a suspension containing pre-synthesized AgNPs, 
whereas the second strategy involved the in situ synthesis of AgNPs directly within the bacterial 
cellulose membrane. 

For functionalization by immersion, BC membranes were submerged in solutions containing 
AgNPs previously synthesized using either mint or avocado extracts and maintained at 23 °C for 24 
h. After immersion, the membranes were removed, excess liquid was drained, and each membrane 
was analyzed by UV–Vis spectroscopy. Figures 1a and 1b show the UV–Vis spectra of BC membranes 
loaded with AgNPs derived from avocado and mint extracts, respectively, while the inset panels 
display the spectra of the corresponding AgNPs in liquid suspension. 

Comparison of the results indicates that, in both cases, there is a clear alteration in the UV–Vis 
spectral features of the AgNP-loaded BC membranes relative to the corresponding AgNP 
suspensions. Notably, neither BC membranes alone not contributed to the UV–Vis peak (Figure 1c). 
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Figure 1. a. UV–Vis spectrum obtained from a BC membrane immersed in an AgNP suspension synthesised by 
combining 0.01 M AgNO3 with avocado extract. The inset shows the corresponding UV–Vis spectrum of the 
AgNP liquid suspension prepared using the same reagents. b. UV–Vis spectrum obtained from a BC membrane 
immersed in an AgNP suspension synthesised by combining 0.01 M AgNO3 with mint extract. The inset shows 
the corresponding UV–Vis spectrum of the AgNP liquid suspension prepared using the same reagents. c. UV–
Vis spectrum of a pristine BC membrane, showing the absence of an LSPR peak. 

The observed changes in the UV–Vis spectra include a decrease in the amplitude of the 
maximum peak λₘₐₓ and a noticeable broadening of the peak relative to the liquid suspensions. 

Several factors may account for these spectral changes. First, effective optical absorption may 
decrease due to limited AgNPs penetration into the BC membrane and reduced optical accessibility 
within the fibrous BC matrix, resulting in a diminished peak height. Second, the BC matrix introduces 
a heterogeneous dielectric environment distinct from the aqueous medium. The proximity of 
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cellulose fibers and confined regions can alter the local refractive index, potentially contributing to 
peak shifts and amplitude changes. Third, although nanoparticles were initially dispersed, 
immersion within the membrane may promote nanoparticle– nanoparticle interactions, partial 
aggregation, or plasmon coupling between adjacent nanoparticles, thereby broadening the 
distribution of inter-particle distances and leading to band broadening. Finally, the membrane 
structure may introduce additional optical scattering due to reflection, diffraction, and irregular light 
paths through the BC network, further contributing to spectral broadening [37–39]. 

The second approach involved the in situ synthesis of AgNPs directly within the BC membrane 
(see Materials and Methods for details), and the resulting membranes were characterized by UV–Vis 
spectroscopy. 

Figure 2 shows the corresponding UV–Vis spectra. In both Figure 2a (avocado extract) and 
Figure 2b (mint extract), a clear improvement in the spectral response is observed, evidenced by 
increased peak intensity and improved definition of the λₘₐₓ peak compared with membranes 
obtained by immersion. The inset panels display the spectra corresponding to AgNP synthesis in the 
liquid phase. 

 

Figure 2. a. UV–Vis spectrum obtained from a BC membrane with AgNPs synthesised in situ using 0.01 M 
AgNO3 and avocado extract. v. UV–Vis spectrum obtained from a BC membrane with AgNPs synthesised in 
situ using 0.01 M AgNO3 and mint extract. The inset in both panels shows the corresponding UV–Vis spectrum 
of the AgNP liquid suspension prepared using the same reagents. 

For both avocado- and mint-mediated syntheses, the UV–Vis spectra obtained from in situ– 
functionalised BC membranes more closely resemble those of liquid AgNPs suspensions than the 
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spectra obtained from BC membranes functionalised by immersion. Although the membranes exhibit 
peak intensities broadly comparable to those of AgNPs synthesised in liquid suspension, a 
discernible red shift of the λₘₐₓ peak, together with band broadening, is observed. These spectral 
features are consistent with the mechanisms discussed above. When compared with BC membranes 
functionalized by immersion, the in situ–functionalized membranes display a higher λₘₐₓ peak 
amplitude, suggesting a higher density of AgNPs within the BC matrix, as well as a comparatively 
narrower UV–Vis spectral profile. 

Overall, these results indicate that in situ synthesis of AgNPs within BC membranes is a more 
efficient strategy than liquid-phase synthesis followed by nanoparticle adsorption or uptake into the 
membrane. 

3.3. Analysis of the Antibacterial Activity of BC Membranes Functionalized with AgNPs. 

Next, the antibacterial efficacy of bacterial cellulose membranes functionalized with silver 
nanoparticles (BC–AgNPs) was investigated. Escherichia coli TOP10 constitutively expressing green 
fluorescent protein (GFP) (E. coli:GFP) was used as the model organism. 

A series of assays were conducted to evaluate antimicrobial performance. In the first assay, the 
diameter of the bacterial growth inhibition zone was measured on Petri dishes containing a uniformly 
distributed E. coli:GFP lawn, onto which circular BC–AgNP membranes (4mm in diameter) were 
placed. 

The bacterial growth-inhibition capacity of membrane pieces functionalized either by immersion 
or by in situ AgNP synthesis was assessed. Inhibitory efficiency was quantified by measuring the 
diameter of the inhibition zones observed on the agar plates. For illustrative purposes, Figure 3a 
shows representative images of characteristic inhibition zones generated by BC–AgNP membranes 
prepared using avocado and mint extracts for nanoparticle synthesis. The image shows a clear 
difference in the size of the inhibition zones generated by membranes functionalized by immersion, 
which are markedly smaller than those corresponding to membranes functionalized via in situ 
AgNPs synthesis. This comparison clearly demonstrates that the latter approach produces 
membranes that are substantially more effective in terms of antibacterial activity. 

Figure 3b reports the inhibition zone diameters under the different tested conditions. As shown, 
antibacterial efficiency was consistently higher for membranes functionalized via in situ synthesis, 
regardless of whether mint or avocado extract was used. 
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Figure 3. a. Representative images of characteristic growth inhibition halos generated by BC–AgNP membranes 
prepared either by immersion or by in situ synthesis using avocado or mint extracts. The membranes were 
placed on Petri dishes containing LB agar uniformly inoculated with an E. coli–GFP liquid culture, with five BC–
AgNP membranes positioned on each plate. A statistically significant difference was observed in the size of the 
inhibition halos produced by BC–AgNPs synthesized in situ using avocado extract compared with those 
synthesized using mint extract, with the avocado- extract-derived BC–AgNPs exhibiting higher antibacterial 
efficiency. Statistically significant differences are indicated as *p < 0.05, **p < 0.01, **p < 0.001.b. Average diameter 
of the bacterial growth-inhibition halos measured on the Petri dishes. Values represent the mean of five 
independent experiments, and error bars correspond to the standard deviation. 

Notably, a statistically significant difference was also observed in the size of the inhibition areas 
produced by BC–AgNPs synthesized in situ using avocado extract compared with those synthesized 
using mint extract, with avocado-extract-derived BC–AgNPs exhibiting higher antibacterial 
efficiency (Welch’s t-test, p < 0.005). 

Subsequently, the bactericidal activity of the nanoparticles was evaluated. To this end, two 
different assays were performed using BC–AgNP membranes functionalized via in situ synthesis 
with either avocado or mint extracts, as these formulations showed the highest performance in the 
previous assays. 

The first assay was carried out in liquid culture, in which circular BC–AgNP simples (4mm in 
diameter) were introduced into E. coli:GFP cultures. After incubation, the absorbance of the resulting 
cultures was measured at 660 nm. Figure 4a shows that significant bacterial growth was observed 
only in the control culture, whereas no growth was detected in cultures exposed to BC–AgNP 
membranes, indicating that these membranes exhibit strong bactericidal activity. 
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The second assay was performed on solid surfaces. Circular BC–AgNP membranes (30 mm in 
diameter), synthesized in situ using either avocado or mint extracts, were placed onto LB agar plates 
previously inoculated with a uniformly spread E.coli:GFP liquid culture. Plates were incubated at 37 
°C for 24h. A BC membrane without nanoparticles was used as a control. 

After incubation, the membranes were removed, and clear zones with no observable bacterial 
growth were evident upon transillumination of the plates. In contrast, the control condition exhibited 
GFP fluorescence across the entire plate surface. Figure 4b shows representative images highlighting 
areas lacking detectable bacterial growth. Starting from the center of the growth inhibition zone, 
surface samples were collected at four positions (points A, B, C, and D in Figure 4b). Each sample 
was transferred to 5 mL of LB medium and incubated at 37 °C for 24 h with orbital shaking at 200 
rpm. Subsequently, absorbance was measured at 660 nm. 

As shown in Figure 4c, samples collected from points A and B, located within the zone where 
no bacterial growth was observed, exhibited very low absorbance values, indicating the absence of 
bacterial growth in liquid culture. In contrast, samples from points C and D showed high absorbance 
values, indicating clear bacterial growth. These results, consistent with the previous assay, further 
confirm the strong bactericidal activity of the BC–AgNP membranes. 
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Figure 4. a. Absorbance measurements of liquid cultures of E. coli–GFP in the presence of BC– AgNP membranes. 
A pristine BC membrane without AgNPs was used as a control. Only the control exhibited significant bacterial 
growth, whereas no growth was detected in the presence of BC–AgNP membranes synthesised using either 
avocado or mint extracts. b. Representative images of areas lacking observable bacterial growth, visualised 
under a transilluminator, generated by the presence of BC–AgNP membranes. In the control condition, where a 
BC membrane without AgNPs was used, no bacteria-free area was observed. Letters A, B, C, and D indicate the 
positions from which surface samples were collected for subsequent inoculation of liquid cultures. c. Absorbance 
measurements of liquid cultures inoculated with samples collected from positions A, B, C, and D. No bacterial 
growth was observed in cultures inoculated with samples from points A and B, indicating that these samples 
did not contain viable bacteria, whereas efficient bacterial growth was observed for samples from points C and 
D. 

4. Discussion 

The results presented in this work highlight the strong interdependence between synthesis 
conditions, nanoparticle incorporation strategy, and the resulting antibacterial performance of 
bacterial cellulose (BC) membranes functionalized with silver nanoparticles obtained via green 
synthesis. Liquid-phase synthesis experiments clearly demonstrated that the formation and quality 
of AgNPs obtained using avocado and mint extracts are highly sensitive to both pH and temperature. 
Increases in temperature accelerate nanoparticle formation by enhancing reaction kinetics, while 
extreme pH values can modify reduction pathways, influence nucleation and growth processes, and 
compromise colloidal stability, ultimately affecting particle size, morphology, and dispersion 
[30,40,41]. 

Neutral pH (pH 7) and moderate temperature (23 °C) emerged as optimal conditions, yielding 
well-defined and relatively narrow LSPR bands in UV–Vis spectra. Such spectral features are 
indicative of efficient nanoparticle formation with a comparatively narrow size distribution. 

In contrast, acidic conditions markedly hindered nanoparticle formation, likely due to 
protonation of functional groups in phytochemicals, such as phenolics and carboxylates, which 
diminishes their ability to act as effective reducing and capping agents, in agreement with previously 
reported results [37]. At elevated temperatures, although reaction kinetics are accelerated, the 
appearance of broader LSPR peaks suggests less controlled growth, increased polydispersity, and/or 
aggregation, consistent with thermal destabilization of capping interactions. 

A central outcome of this study is the comparison between two distinct membrane 
functionalization strategies: immersion of BC membranes in pre-formed AgNP suspensions and in 
situ synthesis of AgNPs within the BC matrix. The immersion approach resulted in UV–Vis spectra 
with lower peak intensity and pronounced band broadening compared with the corresponding 
liquid-phase suspensions. These effects can be attributed to several factors, including limited 
nanoparticle penetration into the dense regions of the BC network, heterogeneous optical 
environments within the fibrous scaffold, and potential aggregation or plasmon coupling induced by 
confinement within the matrix. Furthermore, adsorption of pre- formed nanoparticles onto the BC 
surface is likely governed by relatively weak interactions, which may lead to non-uniform 
distribution and reduced effective nanoparticle loading. 

By contrast, in situ synthesis within the BC membranes consistently produced stronger and more 
clearly defined LSPR features, indicating more efficient nanoparticle incorporation and a more 
homogeneous spatial distribution throughout the BC scaffold. In this approach, Ag+ ions first diffuse 
into the porous BC network and are subsequently reduced by plant extracts, allowing nucleation and 
growth to occur directly within the matrix and promoting intimate matrix– nanoparticle interactions. 
Although the in situ–synthesized membranes still exhibited red shifts and some band broadening 
relative to liquid-phase synthesis, an expected consequence of differences in local refractive index, 
confinement effects, and possible interparticle interactions, the overall spectral quality and intensity 
were markedly improved compared with the immersion strategy. These observations underscore the 
importance of synthesis location and sequence in determining the final nanocomposite structure. 
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The antibacterial assays provide strong functional validation of these physicochemical findings. 
BC–AgNP membranes prepared via in situ synthesis showed consistently higher antibacterial 
efficacy against E. coli than membranes functionalized by immersion, as evidenced by larger 
inhibition halos on solid media. Importantly, additional experiments designed to probe the nature of 
the antibacterial effect demonstrated that the observed inhibition was bactericidal rather than merely 
bacteriostatic. In liquid-culture assays, no bacterial regrowth was detected after removal of the BC–
AgNP membranes and transfer of the culture to fresh medium. Similarly, surface sampling from 
within inhibition zones on agar plates yielded no detectable bacterial growth upon re-culturing, 
whereas samples collected outside the inhibition zones showed robust growth. Collectively, these 
results provide compelling evidence that BC–AgNP membranes induce irreversible bacterial damage 
under the tested conditions. 

The enhanced bactericidal performance of in situ–functionalized membranes can be rationalized 
by improved nanoparticle availability and sustained local exposure to silver species at the 
membrane–bacteria interface. Immobilization of AgNPs within the BC network may facilitate 
controlled release and prolonged contact with bacterial cells, thereby enhancing well- established 
antimicrobial mechanisms such as membrane disruption, oxidative stress generation, and 
interference with essential cellular components. Although silver release kinetics and reactive oxygen 
species were not directly quantified in this study, the consistent bactericidal outcomes strongly 
suggest that the BC scaffold plays an active role in modulating nanoparticle– bacteria interactions. 

Finally, the use of mint and avocado extracts highlights the flexibility of plant-based green 
synthesis routes for the production of functional nanocomposites. While both extracts successfully 
supported AgNPs formation, differences observed in UV–Vis spectral features indicate that 
variations in phytochemical composition influence reduction kinetics, nanoparticle stabilization, and 
final particle characteristics. Notably, membranes synthesized using avocado extract exhibited 
superior antibacterial activity. This observation emphasizes the need for careful selection and 
standardization of plant extracts in green synthesis protocols to ensure reproducibility and 
predictable material performance. 

Overall, the findings of this study demonstrate that combining bacterial cellulose with in situ 
green synthesis of silver nanoparticles yields nanocomposite membranes with enhanced nanoparticle 
incorporation and robust bactericidal activity. These results reinforce the value of in situ 
functionalization strategies and green chemistry approaches for the development of sustainable, 
high-performance antimicrobial materials, and provide a solid foundation for future studies aimed 
at further optimizing structure–function relationships in BC–AgNP systems. 
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