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Abstract 24 

Applications of membrane technologies for water and wastewater treatment call 25 

for antibiofouling membranes. Inspired by nature’s spiky topological features of pollen 26 

grains, we developed silver-decorated biomimetic silica nanopollens (SNPs) to modify 27 

a polyvinylidene fluoride microfiltration membrane. The modified membrane 28 

demonstrated compelling antibiofouling performance compared to the pristine 29 

membrane, which was attributed to the synergetic effects of SNPs and loaded silver 30 

nanoparticles. The surface spikes of SNPs could act as multiple ‘entry claws’ to bind to 31 

the cell membrane upon contact, inducing physical deformation and metabolic 32 

disturbance of cells. More importantly, the SNPs could serve as a delivery vector for 33 

silver ions that were released from silver nanoparticles loaded in SNPs, further leading 34 

to cell damage due to the generation of reactive oxygen species and respiratory 35 

inhibition. These synergetic effects of SNPs and loaded silver nanoparticles imparted 36 

the modified membrane with potent antibiofouling behavior both in batch and 37 

continuous flow tests using model bacteria, Escherichia coli (Gram-negative) and 38 

Staphylococcus aureus (Gram-positive), respectively. Our strategy provides a novel 39 

pathway using biomimetic materials to fabricate antibiofouling membranes for water 40 

and wastewater treatment.  41 
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1. Introduction 49 

Membrane technology is considered to be a promising technology for water and 50 

wastewater treatment [1, 2]. However, membrane fouling, particularly biofouling, 51 

remains as a bottleneck for the applications of membrane technology [3, 4]. Biofouling, 52 

i.e., the attachment of bacteria and the growth of biofilm on the membrane surface, can 53 

result in remarkable water permeability decline [5, 6]. Several strategies have been 54 

developed for biofouling mitigation including feed pretreatment [7], membrane 55 

cleaning [8] and membrane surface modification [9, 10]. Among them, construction of 56 

biofouling-resistant membrane surfaces is an attractive protocol in tackling biofouling 57 

[11]. 58 

Recently, nature’s creations have inspired researchers to develop biomimetic 59 

antibiofouling membranes. It has been reported that surface-coating of biomimetic 60 

materials could impart the membranes with antiadhesive ability. For instance, 61 

polydopamine (PDA), with a molecular structure similar to the sticky substances found 62 

in mussels, is a favorable agent for surface modification due to its strong hydrophilic 63 

nature [12-14]. However, this simple coating method could potentially block membrane 64 

pores [15]. Another biomimetic modification strategy is to modify the intrinsic structure 65 

of membranes. It has been reported that the incorporation of aquaporins [16] into 66 

membrane structure to create water channels could significantly increase membrane 67 

permeability. Under same membrane flux operation, the enhanced permeability of 68 

modified membranes facilitates mitigating membrane biofouling compared to the 69 

control [17]. However, these scenarios fail to impart membrane with bacteria-killing 70 

effects, and the membranes may still encounter severe membrane biofouling during 71 

long-term operation. A more attractive way is to construct membranes with a 72 

functionalized antimicrobial surface. Although the use of engineered nanoparticles, 73 
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such as Ag-nanoparticles (AgNPs) and Cu-nanoparticles (CuNPs), and antimicrobial 74 

organics (e.g., quaternary ammonium compounds) have been widely reported [18-20], 75 

limited progress has been made using nature-derived biomimetic materials to impart 76 

membranes with efficient bacteria-killing function. 77 

Inspired by nature’s materials with spiky topological features, such as pollen 78 

grains [21-23], we developed silver-decorated biomimetic silica nanopollens (SNPs) to 79 

modify polyvinylidene fluoride (PVDF) microfiltration membranes. We hypothesize 80 

that silica nanopollens, with numerous nanosized spikes on the outer shell, interacts 81 

strongly with bacterial cell membrane and causes physical disruption of the lipid bilayer 82 

as well as metabolic disturbance of bacteria. At the meantime, the SNPs could act as a 83 

delivery vector of AgNPs for direct release of silver ions inside the cell, leading to an 84 

efficient biocidal behavior. These synergetic effects could impart the modified 85 

membrane with potent antibiofouling behaviors due to the combination of contact-86 

killing (SNPs) and release-killing (AgNPs).  87 

We elucidate the hypothesis in the present work by examining the antibiofouling 88 

properties of the modified membranes using model bacteria, Escherichia coli and 89 

Staphylococcus aureus, in both batch and continuous flow tests. Key questions 90 

addressed in this work involve: (i) whether silver nanoparticles could be effectively 91 

loaded into SNPs, (ii) what about the detailed role of spikes on the SNPs in causing 92 

stress on bacteria, and (iii) what scenario is likely prevailing for SNPs and loaded 93 

AgNPs to have the synergetic effects for mitigating biofouling of the modified 94 

membrane.  95 

 96 

2. Materials and Methods 97 

2.1 Materials and Reagents  98 
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Unless specified otherwise, all chemicals were of analytic reagent grade. 99 

Commercial grade PVDF (Solef® 6020, Mw=670–700 kDa) was received from Solvay. 100 

Dimethylacetamide (DMAC) and dimethyl sulfoxide (DMSO) were used as solvents 101 

and polyethylene glycol (PEG 400) as a pore-forming additive, all of which were 102 

obtained from Sinopharm (China). Resorcinol, formaldehyde, ammonia aqueous 103 

solution and tetraethyl orthosilicate (TEOS) were purchased from Sigma-Aldrich for 104 

silica nanopollens preparation. Silver nitrate (AgNO3, Sigma Aldrich) was used as the 105 

silver source for the formation of AgNPs. All solutions were prepared using deionized 106 

water. 107 

2.2 Synthesis and Characterization of Silica Nanopollens and Ag-decorated Silica 108 

Nanopollens.  109 

Silica nanopollens (SNPs) were synthesized according to Stӧber method [21]. 110 

Briefly, resorcinol (0.15 g) and formaldehyde (37 wt.%, 0.21 mL) were dissolved in the 111 

mixture of ammonia aqueous solution (28 wt.%, 3.0 mL), deionized water (10 mL) and 112 

ethanol (70 mL). The mixture was stirred for 6 h at room temperature, and then 0.6 mL 113 

of TEOS was added into the solution and stirred for 8 min, followed by addition of 114 

resorcinol (0.4 g) and formaldehyde (37 wt.%, 0.56 mL) and then 2 h stirring. The 115 

products were collected by centrifugation, ethanol-washing and drying at 50°C. Finally, 116 

SNPs were obtained after calcination at 550°C for 5 h in air. The schematic illustration 117 

of the preparation procedures can be found in Supporting Information (SI) Fig. S1. 118 

To load AgNPs on the surface of silica nanopollens, Ag-SiO2 synthesis method 119 

was used according to the literature [24]. In brief, silver nitrate (8.83 mmol) was added 120 

into silica nanopollens slurry (50 mmol in 200 mL water) with ammonia solution (105 121 

mmol) as a catalyst, and then the mixture was stirred for 6 h at room temperature. The 122 

harvested products, i.e., SNPs with loaded AgNPs (ASNPs), were purified by washing 123 
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with deionized water and then dried at room temperature for 2 h. Silver decoration 124 

mechanisms for silica nanoparticles are documented in SI Section S1. 125 

The microstructures of SNP and ASNP samples were observed using field 126 

emission transmission electron microscopy (TEM) (JEOL, JEM-2100F, Japan). X-Ray 127 

photoelectron spectroscopy (XPS) (Thermo Scientific K-Alpha+, USA) was used to 128 

determine the compositions of the specimens. The surface areas of the powders were 129 

determined using the Brunauer-Emmett-Teller (BET) (Micromeritics ASAP  2460, 130 

USA) with N2 as adsorbate gas. The Ag loading mass of ASNP was measured by 131 

Inductively Coupled Plasma Optical Emission Spectrometer（ICP-OES, Agilent 720ES, 132 

USA） 133 

2.3 Membrane Preparation and Characterization  134 

Membranes were prepared by a phase inversion via immersion precipitation 135 

method. The casting solution of PVDF membrane was prepared as follows: PVDF (8 136 

wt.%) and PEG (8 wt.%) were dissolved in a solvent mixture comprised of 42 wt.% 137 

DMAC and 42 wt.% DMSO at 80°C under stirring for 4 d. Afterward, a steel knife (250 138 

μm clearance) was used to spread casting solution on polyester non-woven fabrics and 139 

then immersed into coagulation bath containing 200 mg/L SNPs or ASNPs. Teow et al 140 

[25, 26] found that nanoparticles were successfully embedded on the membrane surface 141 

through this method. The resulting SNPs and ASNPs modified PVDF membrane were 142 

denoted as SNP-M and ASNP-M, respectively. The pristine PVDF membrane (termed 143 

M0), without the presence of SNPs or ASNPs, was used as a control. 144 

The membrane surface and cross-section morphologies was observed using field 145 

emission scanning electron microscopy (SEM) (Hitachi, S-4800, Japan) and atomic 146 

force microscopy (AFM) (Nanonavi E-Sweep, Japan). Elemental compositions of the 147 

membrane surface were determined by XPS. Surface hydrophilicity was determined by 148 
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the water sessile drop method. Water permeability was measured according to the 149 

protocol described elsewhere [27]. Zeta potential of the membrane surface was 150 

determined by a streaming potential analyzer (EKA1.00, Anton-Paar, Austria) at a 151 

solution ionic strength of 10 mM KCl. The pore size of membranes was investigated 152 

by a capillary flow porometer (Proplux, Porometer, USA). The Ag loading mass of 153 

ASNP was measured by Inductively-Coupled Plasma Mass Spectrometry (ICP-MS, 154 

Agilent 7700, USA) 155 

2.4 Antibacterial Activity Tests 156 

Gram-positive Staphylococcus aureus (S. aureus, ATCC25922) and Gram-157 

negative Escherichia coli (E. coli, ATCC6538) were used as the model bacteria. 158 

Membrane coupons were immersed into the cells suspension (107 cells/mL in Davis 159 

minimal medium) that was incubated on a rotary shaker for 12 h at 37°C. Viable cells 160 

in the suspension were quantified using the colony forming unit (CFU) method [28]. 161 

Each value was shown by averaging triplicate measurements. The morphological 162 

characteristics of the bacterial cells attached to the membrane surfaces after 12 h 163 

incubation were examined by SEM.  164 

The diffusion inhibition zone method was also used to evaluate the antibacterial 165 

behaviors of the modified membrane [29]. In detail, 100 μL bacterial suspension was 166 

spread on the agar plates. Membrane coupons were placed on the agar plates and 167 

incubated at 37°C for 12 h. The diffusion inhibition zone formed around membranes 168 

was determined by visual observation.  169 

2.5 Membrane Biofouling Experiments  170 

Dynamic biofouling experiments for membrane coupons (each with an effective 171 

surface area of 40 cm2) were performed in a cross-flow filtration reactor with an 172 

effective volume of 7.2 L (see more details in SI Fig. S2). A saline containing E. coli 173 
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(105 cells/mL) and CH3COONa (50 mg/L) was used as feed solution at pH of 7.4. The 174 

system was operated for over 100 h at permeate flux of 42 L/(m2 h) and temperature of 175 

25 ± 1°C under continuous stirring (200 rpm). The membrane modules were subject to 176 

2 h backwashing of DI water to remove foulants from membrane surfaces after 50 h 177 

operation. In the end, membrane coupons (each with surface area of 1 cm2) were cut 178 

from the biofouled membrane, stained with SYTO 9, propidium iodide (LIVE/DEAD 179 

BacLight Bacterial Viability Kits, Molecular Probes) and Concavalin A (Con A, 180 

Molecular Probes) to respectively label viable/dead cells and extracellular polymeric 181 

substances (EPS), and then mounted in a custom-made chamber for confocal laser 182 

scanning microscopy (CLSM) (Nikon A1, Japan) observation. Image analysis was 183 

performed using NIS-Elements Viewer and Photoshop software.   184 

2.6 Evaluation of Antibiofouling Mechanisms 185 

To investigate antibiofouling mechanisms, E. coli was incubated overnight with 186 

silica nanopollens and Ag-decorated silica nanopollens (1 wt.%) in LB medium. The 187 

particle-bacteria adhesion was directly observed with SEM after bacteria fixation and 188 

staining. The integrity of the bacterial cell membranes was also evaluated by staining 189 

the cells with SYTO 9 and propidium iodide (LIVE/DEAD BacLight Bacterial Viability 190 

Kits). The silica nanospheres (SNSs), i.e., without spikes, and Ag-decorated silica 191 

nanospheres (ASNSs) were taken as control samples, with preparation procedures 192 

shown in SI Section S2 and Fig. S1. The production of intracellular reactive oxygen 193 

species (ROS) and adenosine triphosphate (ATP) by bacteria upon exposure to silica 194 

and Ag-decorated silica was measured by ROS and ATP detection kit (Beyotime 195 

Biotechnology, China), respectively. More details for ROS and ATP detection can be 196 

found in SI Section S3. 197 

AFM was used to measure the interactions between SNS/SNP and E. coli. Prior to 198 
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AFM observation, the SiN probe (Bruker, SNL-10, k = 0.06 N/m) was functionalized 199 

with SNS and SNP, respectively. In brief, AFM probes were precut to form a platform 200 

[30] and then adhered by SNS/SNP (Fig. S3) using correlative microscopy (Tescan, 201 

GAIA3 GMU Model 2016, Czech) combining focused ion beam and scanning electron 202 

microscopy (FIB-SEM) with Time-of-Flight Secondary Ion Mass Spectrometry (TOF-203 

SIMS). A layer of Pt was deposited as glue to fix SNS/SNP onto the probe using the I-204 

beam at 30 kV, 100 pA [30]. Ultimately, one SNS or SNP particle was immobilized on 205 

the probe (Fig. S3). Before contacting with SNS/SNP modified AFM probes, E. coli 206 

suspension (~108 cells/mL) was dripped to adhesion microscope slides (treated by 207 

polyethyleneimine) for 2 h [31]. Force-versus-distance curves were obtained in Peak 208 

Force Quantitative Nanomechanical Mapping (PF-QNM) mode with force loading rate 209 

of 48,000 pN/s (1 Hz of ramp rate, 800 nm of ramp size). The unbinding events are 210 

indicated by the sawtooth pattern in the retraction force curve [32]. The unbinding force 211 

histograms were compiled from ~50 force curves and were fitted with the Gaussian 212 

function. 213 

Antibacterial efficiency of ASNS and ASNP was further determined using the 214 

following procedures. First, they were dialyzed in 0.5 mL batches against 13.6 mL 215 

dialysis water with different time vibrated at 150 rpm (Slide-A-Lyzer Mini Dialysis 216 

Devices, Thermofisher). The soaking solution was replaced daily and analyzed for their 217 

Ag+ content with ICP-MS. The dialyzed samples were then collected and dosed into 218 

the E. coli suspension (107 cells/mL in Davis minimal medium) with different 219 

concentrations, and the mixture was incubated on a rotary shaker for 12 h at 37°C. 220 

Viable cells in the suspension were quantified using the colony forming unit (CFU) 221 

method. 222 

  223 
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3. Results and Discussion 224 

3.1 Characterization of Silica Nanopollens, Ag-decorated Silica Nanopollens and 225 

Modified Membranes  226 

TEM images show that the as-prepared silica nanopollens (SNPs) have numerous 227 

spikes on their surface (Fig. 1A). It can be observed that the SNP has a diameter of 228 

230~240 nm, with an inner hollow cavity (92 nm in diameter) and a shell (30 nm in 229 

thickness) covered with nanosized silica spikes (average length of 40 nm). Due to its 230 

large external surface area (BET surface area of 88.0 m2/g) and the unique structure, 231 

silica nanopollens provide a large quantity of sites for Ag loading. The N2 adsorption 232 

and desorption show a typical type IV isotherm (Fig. S4) with the corresponding Barret-233 

Joyner-Halenda (BJH) pore size of 9.0 nm (Fig. S4), similar to the distance between 234 

two adjacent spikes observed from TEM images. 235 

After AgNPs were loaded, additional fine particles appeared on the silica shells 236 

and spikes (Fig. 1B). A dense shell with 55 nm thickness was observed, suggesting that 237 

AgNPs were well loaded on SNPs. High-resolution TEM (HRTEM) images revealed a 238 

lattice fringe spacing of 0.23 nm (Fig. 1C), corresponding to (111) planes for silver. 239 

Elemental analysis by EDX (inset of Fig. 1C) and XPS (Fig. 1D) confirmed that these 240 

nanoparticles were AgNPs [33]. In order to show AgNP distribution on SNP clearly, 241 

TEM images of one silver decorated silica nanopollen particle with different 242 

magnification are shown in SI Fig. S5. In addition, size distribution of AgNPs was 243 

analyzed using Image-J software (Fig. S6) and the loading mass of AgNPs in ASNP 244 

was determined to be ~21.3 wt.% by ICP-OES. The immobilization of AgNPs on the 245 

silica can be attributed to the reductive -OH groups on the silica nanopollens surface 246 

[24]. Nucleophiles were produced in alkaline condition via deprotonating hydroxyl 247 

ligands (-OH) on SNPs [34], and then these nucleophilic parts (-O-) could react with 248 
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electrophilic Ag+ for generation of AgNPs. 249 

 250 

Fig. 1. TEM images of (A) SNP and (B) ASNP. (C) HRTEM lattice-fringe finger 251 

printing of the ASNP, with the corresponding EDS spectrum in the inset of the 252 

micrograph. The inter planar spacing (0.23 nm) is consistent with the crystal face of 253 

element silver. (D) Ag 3d spectra of SNP and ASNP.  254 

 255 

Figs. 2A-C and Fig. S7 present the surface morphology and cross-section SEM 256 

images of the control membrane M0, the silica nanopollens modified membrane (SNP-257 

M) and silver-decorated silica nanopollens modified membrane (ASNP-M). M0 had a 258 

porous surface structure with a pore size ~100 nm (inset of Fig. 2A). For SNP-M and 259 

ASNP-M, additional nanoparticles were clearly observed on the membrane surfaces, 260 

which were confirmed to be SNPs and ASNPs, respectively, based on XPS analysis 261 

(Fig. S8). Capillary flow porometer results (Fig.2D) show that the pore size of the three 262 

membranes had no significant difference (~100 nm). The loading mass of AgNPs in 263 

ASNP-M was determined to be ~107 μg/cm2 by ICP-MS. 264 

Fig. 2E shows that the contact angle of the modified membranes reduces from 75.1 265 

± 1.9o to 63.4 ± 1.3o, attributed to the presence of hydrophilic hydroxyl groups on SNPs 266 
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and ASNPs [35-37]. Compared to the control (46.8 ± 4.5 L/(m2 h kPa)), the water 267 

permeability (Fig. 2F) was significantly increased to 63.4 ± 1.3 L/(m2 h kPa) and 58.1 268 

± 6.4 L/(m2 h kPa) for SNP-M and ASNP-M, respectively. Fig. 2G shows that the 269 

membrane surface charge was altered due to the introduction of SNPs and ASNPs: 270 

−30.4 ± 1.9 mV for M0, −36.1 ± 0.1mV for SNP-M, and −32.7 ± 5.2 mV for ASNP-M 271 

at pH = 7.4. The negatively charged hydroxyl groups of SNP was the major reason 272 

causing the change of zeta potential of SNP-M [38]. However, with the formation of 273 

AgNPs on the silica nanopollens, hydroxyl groups were replaced by Si-O-Ag, 274 

impairing the negative zeta potential. For pollutant rejection behaviors, no significant 275 

difference in sodium alginate rejection was observed for the modified membranes 276 

compared to the control (Fig. S8). 277 

 278 

Fig. 2. SEM images of (A) M0, (B) SNP-M and (C) ASNP-M. The higher magnification 279 

micrographs are shown in the inset of each image. (D) Pore size (n=3), (E) contact angle 280 

of DI water on membranes (n = 7), (F) water permeability (n = 3) and (G) zeta potential 281 

(n = 3) of M0, SNP-M and ASNP-M. 282 

 283 

3.2 Antibacterial Activity Tests  284 

Pristine and modified membranes were immersed in LB medium and incubated 285 
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with E. coli and S. aureus for 12 h. After incubation, the number of viable cells in the 286 

suspension was determined by the plate counting method. Compared to M0, CFU of 287 

SNP-M was decreased to 76.1% ± 2.3% for E. coli and 68.4% ± 5.4% for S. aureus 288 

(Fig. 3A), respectively. In contrast, the ASNP-M membrane exhibited more significant 289 

antibacterial performance, with CFU decreased to 3.0% ± 1.2% and 0.5% ± 0.1% for 290 

E. coli and S. aureus (Fig. 3A), respectively. This implies that the antibacterial effects 291 

are associated with not only AgNPs but also SNPs. SEM observations on membranes 292 

with attached bacteria further confirmed antibacterial behaviors. As shown in Fig. 3B, 293 

no apparent change in morphology of bacteria was observed for the M0 membrane. 294 

Compared with the pristine membrane, some of silica nanopollens on the SNP-M 295 

membrane surface were partially engulfed into the cell membrane of E. coli, resulting 296 

in severe deformation of cells (Fig. 3C). Further investigation by staining the cells with 297 

SYTO 9 and propidium iodide reveals cell membrane lesions to the majority of the cells 298 

upon their exposure to SNPs (Fig. S9). In contrast, this phenomenon did not occur for 299 

the case of SNSs. These results imply that the nanospikes of SNPs can physically 300 

puncture cell membranes to cause severe damages, which is analogous to the piercing 301 

of cell membranes by graphene oxide nanosheets [39]. Notably, the ASNP-M 302 

membrane caused a significant disruption of cell integrity (Fig. 3D), suggesting that 303 

AgNPs modification of SNPs can ensure effective antimicrobial activity. For the case 304 

of ASNPs, the piercing of cell membranes by nanospikes may compromise membrane 305 

integrity and allow Ag+ from the AgNPs to be more effectively released inside the 306 

bacteria cell, a synergistic effect that will be further investigated under the section 307 

Antibiofouling Mechanisms. 308 

Diffusion inhibition zone tests clearly demonstrate the antibacterial behaviors of 309 

SNP-M and ASNP-M. An inhibition circle formed around a specimen indicates 310 
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antibacterial activity based on the leaching effect of the antibacterial substance [29]. As 311 

expected, the pristine and silica nanopollens modified membrane did not show the 312 

formation of the inhibition circle toward E. coli and S. aureus (Figs. 3E and F, Figs. 313 

S10), revealing that the prevailing antibacterial effect imparted by SNPs was not 314 

associated with release killing (release of the antibacterial substance). In contrast, the 315 

AgNPs loading led to the formation of the inhibition zone toward E. coli and S. aureus 316 

(Fig. 3G and Fig. S10), indicating that leaching Ag+ contributed to the antibacterial 317 

effects of ASNP-M.  318 

 319 

Fig. 3. Antimicrobial properties (A) in terms of CFU of M0, SNP-M and ASNP-M after 320 

exposure to E. coli and S. aureus cells in Davis minimal medium for 12 h at 37oC. The 321 

antimicrobial activity was determined as the percentage of CFU relative to that on 322 

medium without membranes (control). SEM images reveal the morphological 323 

characteristics of E. coli on (B) M0, (C) SNP-M and (D) ASNP-M. Diffusion inhibition 324 

zone test of (E) M0, (F) SNP-M and (G) ASNP-M for Gram-negative E. coli bacteria. 325 

The yellow and green scale bar is 200 nm and 4 mm, respectively.  326 

 327 

3.3 Membrane Biofouling Experiments  328 

Antibiofouling behaviors were investigated in a cross-flow filtration reactors using 329 

E. coli suspension (105 cells/mL of initial concentration) as feed solution. Consistent 330 
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with the batch antibacterial tests, SNP-M and ASNP-M membranes exhibited a much 331 

better performance against biofouling (Fig. 4A). Furthermore, the TMP increase rate of 332 

ASNP-M membranes was lower compared to that of SNP-M, possibly due to the 333 

synergetic effects imparted by silica nanopollens and AgNPs. A second fouling cycle 334 

after a 2h-backwash with deionized water confirmed the same trend. Interestingly, 335 

backwashing of SNP-M and ASNP-M after the first cycle restored the TMP almost back 336 

to the original value, i.e., 2.26 kPa/2.13 kPa (restored-TMP/original-TMP) for SNP-M 337 

and 1.06 kPa/1.33 kPa for ASNP-M. In contrast, for M0, the TMP after membrane 338 

cleaning (6.65 kPa) was much higher than the original value (2.66 kPa), which also 339 

resulted in a rapid TMP increase in the second cycle due to subsequent severe 340 

biofouling [40, 41]. The results demonstrated that the introduction of silica nanopollens 341 

on the membrane surface enabled a better permeability recovery upon cleaning 342 

compared to the control.  343 

To understand the role of SNP and ASNP in biofouling mitigation, the fouled 344 

membrane was removed from bioreactor at the end of operation cycle and stained for 345 

CLSM analysis. Representative side and top views of the membranes are shown in Fig. 346 

4B-D. The biovolumes of live cells, dead cells and EPS in biofilm are shown in Table 347 

1. The results exhibit that the biofilm formed on SNP-M and ASNP-M was much 348 

thinner and composed of fewer live cells, more dead cells and less EPS biovolumes 349 

than the biofilm formed on the M0 membrane. Notably, most microorganisms in biofilm 350 

on ASNP-M were dead with few cells alive. In contrast, the relative abundance of viable 351 

cells and EPS of SNP-M was higher than that of ASNP-M, consistent with the results 352 

presented in Fig. 3A.  353 

Despite the interaction between silica nanopollens (numerous spikes) and bacterial 354 

cells, the antiadhesive properties of SNP-M and ASNP-M membranes did not 355 
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deteriorate obviously (Table 1), which should be attributed to the improved intrinsic 356 

membrane properties and antibacterial ability imparted by silica nanopollens. For 357 

instance, the enhanced hydrophilicity and more negative zeta potential of membrane 358 

surface decreased the adhesion of organic foulants and bacteria onto membrane (Fig. 359 

2E and G). Furthermore, a better TMP recovery for SNP-M and ASNP-M (Fig. 4A) 360 

after back flushing indicates a great potential of the modified membrane for long-term 361 

operation.  362 

 363 

Fig. 4. (A) TMP variations of M0, SNP-M and ASNP-M as a function of time in 364 

filtration experiments using artificial wastewater involving E. coli for two operation 365 

cycles, 50 h of each. CLSM top and side view images of the biofilms of (A) M0, (B) 366 

SNP-M and (C) ASNP-M membranes at the end of the operation. Biofilms were stained 367 

with SYTO 9 (green) and PI (red) for live and/or dead cells, and dead cells, respectively. 368 

The scale bar is 60 μm. The dashed circles in part A indicate water cleaning points using 369 

DI water for membrane cleaning. 370 

 371 
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Table 1. Biofilm characteristics of M0, SNP-M and ASNP-M membranes (n=3). 372 

No. Biofilm 

thickness (μm) 

Live cell 

volume 

(μm3/μm2) 

Dead cell 

volume 

(μm3/μm2) 

EPS volume 

(μm3/μm2) 

M0 66.0 ± 12.2 52.5 ± 10.8 0.7 ± 0.2 6.7 ± 1.5 

SNP-M 22.0 ± 2.0 15.7 ± 3.9 3.5 ± 2.2 2.8 ± 1.2 

ASNP-M 22.6 ± 1.2 0.2 ± 0.1 21.6 ± 1.8 0.9 ± 0.7 

 373 

3.4 Antibiofouling Mechanisms  374 

To further elucidate the underlying mechanisms, the accumulation of ROS was 375 

determined for E. coli upon exposure to SNPs, SNSs, ASNPs and ASNSs. As shown in 376 

Fig. 5A, intracellular ROS for SNPs was higher than that for SNSs, suggesting that the 377 

spikes of silica nanopollens in the solution phase could interact with the cells to induce 378 

increased production of ROS. Similarly, the ROS generation of ASNPs was higher than 379 

that of ASNSs, confirming the role of spikes in causing damage to bacteria. ATP 380 

production was inhibited for E. coli upon exposure to SNPs, SNSs, ASNPs and ASNSs 381 

(Fig. 5B). ATP activity of SNPs was decreased to 72.9% ± 2.0% compared to that of 382 

SNSs (84.5% ± 1.5%). Similarly, ASNPs had a lower ATP capacity (33.3% ± 0.4%) 383 

compared to ASNSs (55.2% ± 3.4%), suggesting that metabolism behaviors for ASNPs 384 

were more severely hindered.  385 

To provide direct evidence on the antibiofouling mechanisms, SEM was employed 386 

to observe the morphology of E. coli after 12 h interaction with silica nanopollens and 387 

Ag-decorated silica nanopollens. It can be observed that silica nanopollens are partially 388 

embedded into the cell (Fig. 5C, indicated by the red arrows), inducing morphology 389 

deformation of bacteria, which is consistent with the result of membrane antibacterial 390 

test (Fig. 3B). For the Ag-decorated silica nanopollens, severe damage of bacteria can 391 
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be clearly observed on the bacterial surface from SEM image (Fig. 5D, indicated by the 392 

red arrows), which may result from the release of Ag+ from AgNPs loaded on the silica 393 

nanopollens. In contrast, no obvious damage to bacterial cell was observed although 394 

silica nanospheres could attach to bacterial surfaces (Fig. 5E). Ag-decorated SNSs 395 

could cause deformation of cell due to the presence of AgNPs (Fig. 5F).  396 

 397 

 398 

Fig. 5. (A) Intracellular ROS production and (B) ATP activity of E. coli upon exposure 399 
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to silica nanopollens (SNPs), silica nanospheres (SNSs) and their silver-decorated 400 

samples (ASNPs and ASNSs), n=3. The LB medium involving E. coli without samples 401 

was taken as a control. SEM images of (C) SNPs, (D) ASNPs, (E) SNSs and (F) ASNSs 402 

adhered on E. coli surface. (G) Force vs distance curves during retraction of SNP/SNS 403 

modified AFM probes from the substrate-supported E. coli bacteria measured in 404 

deionized water. (H) Unbinding force histogram measured in deionized water between 405 

the SNP modified AFM probe and the substrate-supported E. coli bacteria. The 406 

histogram was obtained from ∼50 force curves. The histogram was fitted by Gaussian 407 

distribution.  408 

 409 

The role of surface spikes of silica nanopollens in interacting with bacteria was 410 

further revealed by AFM retraction force measurements. The binding affinity between 411 

SNS/SNP mounted on the AFM tip and the supported E. coli bacteria on adhesion 412 

microscope slides was analyzed by the retraction force curves. The sawtooth force 413 

pattern and its force histogram (Figs. 5G and H), associated with sequential unbinding 414 

events of multiple bonds disrupted in parallel [42, 43], suggests that there might exist 415 

multivalent interactions induced by SNP surface spikes in contact with the bacteria 416 

surface. In contrast, there was no attractive interactions between silica nanospheres and 417 

the supported cell membrane (Fig. 5G). This demonstrates that the damaged cell 418 

structure and metabolism behaviors caused by nanospikes are associated with specific 419 

multivalent attractive forces between surface spikes and cell membranes. In fact, 420 

multivalent topology (e.g., star shape [44]) has been proven favorable for triggering 421 

receptor-mediated cellular uptake that can puncture pores on cell membranes causing 422 

damage to its function, such as cell signaling and communication as well as 423 

transportation of substances in and out [45].  424 
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Fig. 6 summarizes the antibiofouling mechanisms of ASNPs. The insertion of 425 

nanospikes into cell membrane provides active sites for ROS-mediated oxidative stress 426 

and causing ATP synthesis inhibition. Furthermore, the loaded AgNPs on the 427 

nanopollens could dissolve to release Ag+ inside the cell if the cell membrane suffered 428 

lesions with a loss of integrity. These synergetic effects of silica nanopollens and AgNPs 429 

promote efficient antimicrobial activity, leading to consequent inhibition of bacterial 430 

growth and colonization on the membrane surface. 431 

 432 

Fig. 6. A schematic representation of the antibiofouling behaviors of ASNP-M 433 

membranes. 434 

 435 

Fig. 7A presents silver release behaviors of ASNPs and ASNSs. ASNPs exhibited 436 

lower initial Ag+ release than ASNSs, which was possibly attributed to the accessible 437 

inner cavity of mesostructured silica nanopollens favorable for controlling the Ag+ 438 

release [46]. After 14 d exposure period, Ag+ release rate of the both samples reached a 439 

stable and similar value (~4 μg/d). Furthermore, the ASNPs showed a strong 440 

antibacterial effects in terms of CFU reduction after 34 d exposure compared to ASNS 441 

samples (Fig. 7B and C). This result indicates that the antibacterial effectiveness of 442 

ASNPs was higher and more lasting than that of ASNSs, which should be attributed to 443 

the synergetic effects of silica nanopollens and AgNPs to enhance the biocidal 444 
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efficiency.  445 

While the presence of AgNPs is effective in antibiofouling application, the AgNPs 446 

based membrane still have severe concerns on the potential of environmental risk [47]. 447 

It is likely that overuse of silver as biocides will result in increased silver resistance of 448 

some microorganisms [48]. In this study, silica nanopollens provide a conducive 449 

environment for Ag+ release inside the bacterial cell to avoid ineffective release of Ag+ 450 

and decrease their potential risk on environment, which provides a new dimension for 451 

fabrication of antibiofouling membranes using AgNPs@silica nanopollens for water 452 

and wastewater treatment. 453 

 454 

Fig. 7. (A) Release rate vs time of ASNS and ASNP. Quantification of antibacterial 455 

efficiency as a function of release time of (B) ASNS and (C) ASNP on E. coli.  456 

 457 

Antimicrobial properties based on contact-killing strategy have been imparted to 458 

membranes to target biofouling, including the use of nanomaterials of contact-mediated 459 

cytotoxicity [49, 50], quaternary ammonium compounds [10] and zwitterion polymer 460 

brushes [51]. Notably, for nanomaterials-based strategy, direct physical toxicity only 461 

occurs through intimate contact, implying that the antimicrobial efficiency is dependent 462 

on the chance for mechanical disruption. Recent studies have shown that the intensity 463 

of mechanical cell damage varies for nanomaterials with different topologies, such as 464 

size, shape, orientation or dimensionality, and cytotoxicity could be enhanced if 465 
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reasonable topology is designed to provide more active sites for contacting [52-55]. In 466 

this study, a novel bio-inspired material with numerous nanospikes outside, i.e., silica 467 

nanopollens, was developed to enhance antibiofouling efficiency of modified 468 

membranes. Compared to silica nanoparticles, silica nanopollens could pierce bacterial 469 

cell membrane via “needle-like” topology with three-dimensional (3D) macrostructure, 470 

which imparts more penetration sites per unit area to enhance physical cell damage. 471 

Besides, they provide a high surface-area platform for AgNPs loading and a conducive 472 

environment for Ag+ release inside the bacterial cell to trigger severe cell toxicity. The 473 

synergetic effects ensure a stable and efficient antibiofouling performance for the 474 

modified membrane. This work introduces a new platform for design of antibiofouling 475 

surfaces using nanomaterials with the nanospikes structure. 476 

The piercing effects caused by the nanopollens are somewhat similar that those 477 

observed for carbon nanotubes (1D materials) and GO nanosheets (2D materials) [52]. 478 

Indeed, these 1D and 2D carbon-based materials have been reported for the preparation 479 

of antibiofouling membranes. However, their use may require carefully alignment to 480 

expose their sharp edges, e.g., by vertically aligning GO nanosheets [56, 57], which 481 

often greatly increases the cost and severely limits the scale of membrane production. 482 

In this regard, the 3D needle-like topology of nanopollens can offer a great advantage 483 

by avoiding this strict requirement of alignment. Despite the efficient antimicrobial 484 

performance demonstrated in the current study, the density, length and radius of 485 

nanospikes need to be further optimized. The importance of nanospikes 3D 486 

macrostructure for cell damage has implications for potential utilization of a wide range 487 

of metals or metal oxides with similar topology for membrane antibiofouling.  488 

 489 

4. Conclusions 490 
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An antibiofouling polyvinylidene fluoride microfiltration membrane was 491 

fabricated by incorporating silver-decorated biomimetic silica nanopollens (SNPs). 492 

Attributed to the synergetic effects of SNPs and loaded silver nanoparticles, the 493 

modified membrane demonstrated compelling antibiofouling performance compared to 494 

the pristine membrane. The surface spikes of SNPs could act as multiple ‘entry claws’ 495 

to bind to the cell membrane upon contact, inducing damage to bacterial cells. 496 

Furthermore, the SNPs could serve as a delivery vector for silver ions that were released 497 

from silver nanoparticles loaded in SNPs, causing further damage to bacterial cells due 498 

to the generation of reactive oxygen species and respiratory inhibition. These synergetic 499 

effects of SNPs and loaded silver nanoparticles imparted the modified membrane with 500 

potent antibiofouling behavior. 501 

 502 
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List of figure captions 715 

Fig. 1. TEM images of (A) SNP and (B) ASNP. (C) HRTEM lattice-fringe finger 716 

printing of the ASNP, with the corresponding EDS spectrum in the inset of the 717 

micrograph. The inter planar spacing (0.23 nm) is consistent with the crystal face of 718 

element silver. (D) Ag 3d spectra of SNP and ASNP.  719 

Fig. 2. SEM images of (A) M0, (B) SNP-M and (C) ASNP-M. The higher magnification 720 

micrographs are shown in the inset of each image. (D) Pore size (n=3), (E) contact angle 721 

of DI water on membranes (n = 7), (F) water permeability (n = 3) and (G) zeta potential 722 

(n = 3) of M0, SNP-M and ASNP-M.  723 

Fig. 3. Antimicrobial properties (A) in terms of CFU of M0, SNP-M and ASNP-M after 724 

exposure to E. coli and S. aureus cells in Davis minimal medium for 12 h at 37oC. The 725 

antimicrobial activity was determined as the percentage of CFU relative to that on 726 

medium without membranes (control). SEM images reveal the morphological 727 

characteristics of E. coli on (B) M0, (C) SNP-M and (D) ASNP-M. Diffusion inhibition 728 

zone test of (E) M0, (F) SNP-M and (G) ASNP-M for Gram-negative E. coli bacteria. 729 

The yellow and green scale bar is 200 nm and 4 mm, respectively.  730 

Fig. 4. (A) TMP variations of M0, SNP-M and ASNP-M as a function of time in 731 

filtration experiments using artificial wastewater involving E. coli for two operation 732 

cycles, 50 h of each. CLSM top and side view images of the biofilms of (A) M0, (B) 733 

SNP-M and (C) ASNP-M membranes at the end of the operation. Biofilms were stained 734 

with SYTO 9 (green) and PI (red) for live and/or dead cells, and dead cells, respectively. 735 

The scale bar is 60 μm. The dashed circles in part A indicate water cleaning points using 736 

DI water for membrane cleaning. 737 

Fig. 5. (A) Intracellular ROS production and (B) ATP activity of E. coli upon exposure 738 
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to silica nanopollens (SNPs), silica nanospheres (SNSs) and their silver-decorated 739 

samples (ASNPs and ASNSs), n=3. The LB medium involving E. coli without samples 740 

was taken as a control. SEM images of (C) SNPs, (D) ASNPs, (E) SNSs and (F) ASNSs 741 

adhered on E. coli surface. (G) Force vs distance curves during retraction of SNP/SNS 742 

modified AFM probes from the substrate-supported E. coli bacteria measured in 743 

deionized water. (H) Unbinding force histogram measured in deionized water between 744 

the SNP modified AFM probe and the substrate-supported E. coli bacteria. The 745 

histogram was obtained from ∼50 force curves. The histogram was fitted by Gaussian 746 

distribution.  747 

Fig. 6. A schematic representation of the antibiofouling behaviors of ASNP-M 748 

membranes. 749 

Fig. 7. (A) Release rate vs time of ASNS and ASNP. Quantification of antibacterial 750 

efficiency as a function of release time of (B) ASNS and (C) ASNP on E. coli.  751 
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