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Abstract 

Vertically-aligned layered double hydroxide (V-LDH) array has been growing on various substrates 

by a simple solution hydrolysis method. The surface showed good topology with LDH edges 

extending upwards, which can potentially rupture the attached bacteria cells and kill them. V-LDH 

after calcination showed remarkable enhanced antibacterial properties. Not only did the edges 

become thinner and sharper, the surface also became highly hydrophilic. It was found that surface 

potential of V-LDH did not change their antibacterial property. However, the hydrophilicity 

significantly enhanced antibacterial properties. In vitro and in vivo studies demonstrated that the V-

LDH surface has good biocompatibility. The V-LDH antibacterial coating have potentially broad 

applications due to its good antibacterial properties and biocompatibility. 
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Introduction 

Antimicrobial resistance (AMR) has become a critical challenge in healthcare, and more than 10 

million deaths are predicted to be related to AMR in 2050.[1] It is important to establish new 

disinfection technologies that would greatly reduce the likelihood of developing AMR for biomedical 

and also environmental applications. Recently, it was found that surface nano-array with specific 

structural features would kill bacteria in contact by physically rupturing cell membrane. Due to the 

membrane-lytic nature of the mechanism, there is much less chance for microbes to develop drug 

resistance.[2] Coating of such antibacterial structures on commonly touched surfaces and biomedical 

devices to avoid the use of antibiotics and other chemical-based disinfections could be an effective 

solution in the battle against AMR. 

Nanostructured surface of Si,[3-5] TiO2,[6-8] and others[9-23] have been prepared and reported to have 

structure-based antibacterial properties. However, most of the methods used for fabricating surface 

nanopatterns require special equipment[3,5,18] and expensive starting materials,[3-5] and are only 

applicable to certain substrates.[3-4,6-8,19,24] It would be desirable to have a simple and scalable method 

for creating biocidal nanostructures on commonly used substrates for practical applications.[9,20] There 

is also an urgent need for biocompatible nanostructured surface coating technology for biomedical 

applications. 

Layered double hydroxides (LDHs) or anionic clays, are well-studied biocompatible materials that 

have attracted our attention. LDH itself is made from common elements, and it exists in nature 

(hydrotalcite) and are non-toxic.[25] They have a general formula of [M2+
1-

xM3+
x(HO−)2]x+ [(Xn−)x/n · yH2O]x-, where M2+ = Mg, Zn, Cu, Ni or Co, M3+ = Al, Fe or Cr, and Xn− = 

intercalating anion. M2+ to M3+ ratio is between 1 and 5.[26]  

Herein, we report a method of growing vertically aligned Mg-Al-LDH on various substrates. The 

as-prepared vertically aligned LDH (V-LDH) array showed very weak antibacterial properties against 

E. coli. However, after further modification, it demonstrated greatly enhanced antibacterial properties 
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against Gram negative bacteria, Gram positive bacteria and fungi. The relationships between the 

antimicrobial properties and the surface sharpness, surface potential and hydrophilicity were 

investigated. We found that hydrophilicity has the greatest influence to the antibacterial properties of 

V-LDH. The inherent antibacterial property, intercalation capability and facile synthesis of V-LDH 

provide the potential for broad applications of this new antimicrobial material. 

 

Experimental Section 

Materials 

Mg(NO3)2.6H2O and Al(NO3)3.6H2O were purchased from Merck, and urea were purchased from 

Bio-RAD. Glass slides were obtained from Marienfeld, Germany. OA and PEI (branched, average Mw 

~25,000) were bought from Sigma-Aldrich. Tryptic soy broth (TSB) and yeast mold broth (YMB) 

powder were purchased from BD Diagnostics (Singapore), and used to prepare the broths according 

to the manufacturer’s instructions. E. coli (ATCC No. 8739), S. aureus (ATCC No. 6538P), and fungi 

C. albicans (ATCC No. 10231) were purchased from ATCC (U.S.A), and re-cultured according to the 

suggested protocols. Implant material Ti foil (product number: TI000380), TiAV 

(Titanium/Aluminum/Vanadium, Ti90/Al6/V4, product number TI010500) and stainless steel 

(Fe/Cr15/Ni7/Mo2.25, product number FE290350) were purchased from Goodfellow, UK. 

Sample preparation and characterization 

Synthesis of Mg-Al V-LDH on glass and other substrates: Aqueous solution of Mg(NO3)2·6H2O (1.71 

g), Al(NO3)3·9H2O (1.25 g), and urea (5.6 g) in 100 mL water was introduced into a 100-mL KIMAX 

glass bottle. The glass substrate (2.5 cm × 2.5 cm) was cleaned with 70% ethanol/deionized water, and 

placed at the bottom of the bottle with one corner tilt at ~15°. The capped bottle was put to a 90°C 

oven for reaction over 24–96 h to produce a V-LDH on the substrate surface. This surface was washed 

with deionized water and ethanol, and dried under ambient air.  
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The same protocol was used to fabricate V-LDH on the surface of other substrates, including 

polycarbonate, stainless steel, implant alloys and ceramics. To produce the V-LDH on Ti, Ti alloy and 

stainless steel implant, a reaction time of 96 h was used. 

For calcination of V-LDH samples, a heat treatment of 450°C for 18 h in air was conducted. 

Surface modification of V-LDH on glass  

Modification with oleic acid (OA) and polyethylenimine (PEI): 1 g of OA or PEI (branched, average 

Mw ~ 25,000) was dissolved in 50 mL of ethanol. As-prepared or calcined V-LDH coated glass was 

placed in the above solution, with the V-LDH surface facing up. After 2 h, the sample was taken out, 

washed 3 times with ethanol, and dried in a 60°C oven for 2 h.  

Modification with Pt: The samples were coated with a thin Pt film using high-resolution sputter coater 

(JEOL, JFC-1600 Auto Fine Coater) at 20 mA for 30 s. 

Materials Characterization 

The surfaces of the samples were characterized by SEM (JEOL JSM-7400E) and XRD 

(PANalytical X-ray diffractometer, X’pert PRO, with Cu Kα radiation at 1.5406 Ǻ). Prior to SEM, the 

samples were coated with a thin Pt film using high-resolution sputter coater (JEOL, JFC-1600 Auto 

Fine Coater) at 20 mA for 30 s. The as-prepared and modified surfaces were further examined with 

Cross hatch adhesion tester (Elcometer 1542, Elcometer Limited, UK), FTIR spectroscopy, contact 

angle measuring device OCA20 (Dataphysics Instruments, Germany), and Zeta potential analyzer 

(Zetasizer Nano ZS, Malvern Instruments, UK).   

Biological experiments 

Bacterial or fungal growth: E. coli, and S. aureus were cultured in TSB overnight in an incubator at 

37°C under constant shaking (300 rpm). C. albicans were grown in YMB at room temperature under 



 

5 
 

constant shaking (300 rpm). Prior to each antibacterial test, the bacteria or fungi were re-cultured, and 

the cells were collected at the logarithmic stage of growth. 

JIS Z 2801 killing efficacy tests: E. coli was suspended in 5 mL of 1/500 TSB nutrient broth and 

adjusted to OD600 = 0.07 with a plate reader (Tecan multimode reader, Spark 10M), corresponding to 

3 × 108 CFU/mL. The solution was further diluted 100× with 1/500 TSB. 100 μL of cell suspension 

was placed on the testing surfaces and incubated at 37°C for 24 h. After that, the surfaces were washed 

with 9.9 mL of pH 7.4 PBS buffer solution, sequentially diluted and spread on 1.5% LB agar plates. 

The agar plates were incubated overnight at 37°C, and colonies were counted using the standard plate 

counts techniques. The number of colony-forming units (CFU) per mL was calculated. The 

antimicrobial test on C. albicans involved the same protocol as above, except that 1/50 YMB C. 

albicans suspension was used and  incubated at room temperature. 

SEM imaging: The microbe concentration in 1/500 TSB (for E. coli, S. aureus) or 1/50 YMB (for C. 

albicans) was adjusted to OD600 = 0.07 with Tecan microplate reader. 100 µL of microbe suspension 

was added onto the V-LDH coated substrate (2.5 cm × 2.5 cm), and incubated at 37°C (for E. coli, S. 

aureus) or room temperature (for C. albicans), for 10 min and 24 h, respectively. The samples were 

fixed in 2.5% glutaraldehyde PBS solution for 2 h. Each sample was then soaked in 30%, 50%, 70%, 

85%, 90% and 100% ethanol twice. Treatment in each concentration took 20 min. The treated samples 

were placed in a fume hood and dried for 24–48 h before SEM imaging.  

LIVE/DEAD fluorescence imaging: E. coli concentration in 1/500 TSB was adjusted to OD600 = 0.07 

by a microplate reader (TECAN, Switzerland), which corresponded to 3×108 CFU/ml. After 10 times 

dilution with 1/500 TSB, 10 µL of bacteria suspension was added to the surface (1 cm × 1 cm) and 

incubated at 37 oC for 16 h. The surfaces were dyed with LIVE/DEAD dye (Invitrogen) following the 

manufacture’s protocol, and the image was taken on fluorescence microscope (Olympus inverted 

microscope, 1x71). 
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In vitro biocompatibility study (MTT Method): L929 cells were cultured in Dulbecco’s Modified 

Eagle Medium (DMEM) supplemented with 10% FBS, 5% penicillin, 2 mM L-glutamine and 

incubated at 37°C and 5% CO2. Uncoated and V-LDH coated glass slides (1 cm × 1 cm) were placed 

in 12-well culture plates in triplicates. Cells were seeded onto the plates (Corning) at 100,000 cells/well 

and incubated for 24 h. Next, the samples were transferred to a new 12-well plate, and fresh growth 

media (900 L) and MTT solution (100 L) were added to each sample in the wells. The plate was 

then returned to the incubator and maintained in 37°C and 5% CO2 for another 4 h. The growth media 

and excess MTT solution in each well were removed before 1000 L of dimethyl sulfoxide (DMSO) 

was added to each well to dissolve the internalized purple formazan crystals. An aliquot of 100 L was 

taken from each well and transferred to a fresh 96-well plate. Each sample was tested in triplicates per 

plate. The absorbance reading of the formazan crystals was taken at 550 nm and subtracted by that at 

690 nm.  

Hemolysis assay: uncoated Ti discs (diameter = 0.7 cm) and calcined V-LDH coated Ti discs were 

sterilized by rinsing with 70% ethanol for 30 min, washed with sterilized water and dried in a biosafety 

cabinet.  Fresh rat red blood cells were diluted with PBS buffer to give a final cell concentration of 4% 

(v/v) in PBS. The cell suspension (100 µL) was introduced to the wells of a 96-well plate containing 

uncoated and calcined V-LDH coated Ti discs, and 100 µL PBS was added to the wells. The red blood 

cells in PBS and 0.2% Triton X-100 were used as controls. The plates were incubated at 37°C for 1 h, 

and then centrifuged at 2,200 rpm for 5 min. Aliquots (100 µL) of the supernatant were transferred to 

a new 96-well plate. Hemoglobin release was measured at 576 nm using a microplate reader (Cytation 

5, BioTek Instruments GmbH, Germany). The red blood cells in PBS were used as the negative control. 

The absorbance of wells with red blood cells lysed with 0.2% Triton X-100 was taken as 100% 

hemolysis. The percentage of hemolysis was calculated using the following formula: Hemolysis (%) 

= [(OD576nm in the sample – OD576nm in PBS)/(OD576nm in 0.2% Triton X-100 – OD576nm in PBS)] × 
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100. The data were expressed as mean and standard deviation of 3 replicates, and the tests were 

repeated twice. 

In vivo biocompatibility study: Female BALB/c mice, 6–8 weeks old weighing 20–25 g, were obtained 

from InVivos Pte Ltd, Singapore. The mice were randomly grouped, and 18 mice were used from each 

group (three mice per time point). All the animals were kept on a 12-h light/dark cycle with access to 

food and water ad libitum. All animal procedures were approved by the Institutional Animal Care and 

Use Committee, Biological Resource Center, Singapore.  

Uncoated Ti discs (diameter = 0.7 cm) and calcined V-LDH coated Ti discs were used for implants 

in this study. The discs were first sterilized by rinsing with 70% ethanol for 30 min, and then dried in 

biosafety cabinet. Prior to the surgical procedure, the mice were anesthetized and their backs were 

shaved and sterilized with iodophor disinfection solution. A 0.7-cm incision was made in the middle 

of mouse’s back. The uncoated and coated discs were implanted subcutaneously, and the incisions 

were then closed with a single 0/4 vicryl stitch. After surgery, the awakened mice were returned to the 

animal holding room, and checked twice daily in the first 3 days, daily in the first week, and once a 

week until 6 months. At 1 week, 2 weeks, 1 month, 2 months, 3 months and 6 months post implantation, 

mice were anesthetized and the implants were taken out by sterile forceps. The capsules were collected 

from the implanted discs, and fixed in 10% neutral buffered formalin for H&E staining. 

Results and Discussion 

Figure 1a illustrates the bacteria killing mechanism of V-LDH by rupturing the bacteria 

membrane upon contact. Figure 1b shows the SEM image of Mg-Al V-LDH coated on a glass slide. 

The coating was attained by immersing a clean glass surface in a solution of Mg(NO3)2 and Al(NO3)3 

(Mg:Al molar ratio = 2:1) in the presence of urea at 90°C.[27] After the reaction, the entire glass surface 

was densely coated with Mg-Al V-LDH hexagonal plates with an average thickness of 157 nm at an 

average spacing of 450 nm. EDX analysis confirms the presence of (i) Mg, Al and O (from LDH), (ii) 
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Si, Na and Ca (from glass substrate), and (ii) Pt (from sputtered coating) (Figure 1c). XRD pattern 

shows the peaks associated with LDH’s layered structure with a rhombohedral symmetry, with a strong 

(003) peak and a weak (006) peak (Figure 1d). A closer look of the SEM image revealed that the V-

LDH was grown on a flat coating of LDH, instead of on the bare glass surface (Figure S1). This 

suggests that the LDH plates were first attached to the glass substrate randomly to form the 

“foundation”, on which the oriented array of V-LDH was grown. The larger particle size of V-LDH 

on the outer layer could be attributed to a continued crystal growth under the hydrothermal conditions 

by Ostwald ripening. The density of the V-LDH depended on the reaction time. After reacting for 9 h, 

only separate V-LDH plates were observed as the surface coating on the glass slide (Figure S2a-c). By 

lengthening the reaction time to 24 h, the density of V-LDH was greatly increased, although the 

spacing between the plates was still large as compared to the bacteria size. With an even longer reaction 

of 48 h, closely packed V-LDH was grown on the glass substrate (Figure 1b). The average spacing of 

450 nm between the V-LDH was half the size of E. coli. Hence, bacteria in contact with the array of 

V-LDH would be physically cut by the edges of V-LDH. The average coating of LDH on one surface 

of the 2.5 cm × 2.5 cm glass substrate was 0.24 mg (Table S1). Besides the V-LDH grown on the glass 

slides, white precipitates were found in the reaction solution. These free particles were confirmed to 

be Mg-Al LDH by XRD and EDX (Figure S2d‒f).  

The method developed herein could also be used to apply V-LDH to other substrates, such as 

plastics, metals (Titanium, Titanium alloy, and stainless steel) and ceramics. Figure 2 showed the 

growth of V-LDH on the surfaces of polycarbonate, stainless steel, ceramics, titanium, and TiAV 

(Titanium/Aluminum/Vanadium alloy). Similar V-LDH structures as those obtained on glass substrate 

were observed. The XRD pattern of V-LDH grown on polycarbonate sheet (Figure 2b) was similar to 

that for V-LDH on glass (Figure 1d). 
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Besides Mg-Al V-LDH, we have attempted to prepare Zn-Al, Zn-Mg-Al, Mg-Fe and Zn-Fe V-

LDH under similar reaction conditions. However, no desired V-LDH arrays was obtained (Figures S3, 

a-d).  

The Mg-Al V-LDH adhered robustly to glass substrate with no obvious structural changes after 

1 h of ultrasonic treatment (Figure S4). The strong adhesion could be associated with the presence of 

magnesium aluminium silicate phase at the interface.[28] The adhesion force on different substrates 

were also tested by using the ISO 2409 method (for paints and varnishes) by using a standard adhesive 

tape to detach the coatings, and the reading scores for all samples were 0 (good adhesion) with nothing 

detached , as shown in Figure S5. The peel strength of the tape was tested to be 31g, and the width of 

the adhesive is 25mm. Therefore, the peel strength of V-LDH coating is > 1.24 gram/mm. The stability 

of V-LDH under different pH was also studied. After 24 hours incubation, V-LDH coating in pH=5 

solution was totally dissolved, but the coating remained in pH=7.4 and pH=9.7 buffer solutions. SEM 

imaging in Figure S6 showed there were no structure changes for the latter 2 coatings.  

Antibacterial properties of V-LDH surfaces were evaluated using the JIS Z 2801 / ISO 22196 

method.[29] Flat-oriented LDH powder coated on 2.5 × 2.5 cm glass was used as the control; 0.24 mg 

of LDH powers were used – the same mass as the V-LDH coating on glass. The V-LDH coating 

obtained from 36 h and 48 h of reaction only showed moderate antimicrobial properties for Gram 

negative E. coli (0.6 and 1.5 log reduction, respectively) after 24 hours of incubation (Figure S7). No 

obvious log reduction was observed against S. aureus, as compared to the control. This could be due 

to the smaller size and stronger cell wall of the Gram positive S. aureus.[30]  

The as-prepared V-LDH consisted of metal oxide/hydroxide sheets, intercalated with water and 

charge-balancing anions (NO3
- and CO3

2-). The plates were rather thick (~ 157 nm) (see Figure 3a). 

To make their edges sharper for rupturing and killing bacteria, the V-LDH coating was calcined in air 

at 450°C for 18 h (adapted from a method reported by Jones et al.[31]). After calcination, the array 
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structure of V-LDH was retained, but the plate thickness was reduced to ~ 70 nm (see Figure 3b). With 

the average reduction in thickness of 55%, sharper edges were attained. A 48.3% weight loss in the 

coating was noted after calcination. Reduction in the thickness of the plates could be attributed to the 

loss of interlayer water and the decomposition of carbonates and nitrates during calcination,[31] which 

is further confirmed by thermogravimetric analysis results in Figure S8. The LDH peaks were no 

longer found in the XRD pattern of the calcined sample (Figure 3c), as consistent with literature report 

of calcined LDH.[31] 

The antibacterial property of V-LDH before and after calcination was tested (Figure 3d‒f). After 

calcination, there was a remarkable enhancement of antibacterial activity. All E. coli, S. aureus and C. 

albicans on the calcined V-LDH surface were killed, with 7, 6 and 6 log reductions, respectively. 

Calcined LDH powder was also tested as a control. 0.24 mg of it was dispersed in ethanol and coated 

onto a glass slide of 2.5 cm × 2.5 cm. After ethanol has evaporated, the coated glass slide was oven-

dried at 60°C overnight before JIS testing was conducted. The calcined LDH powder coating showed 

no antibacterial property against E. coli (Figure S9). Results from Figures 3 and S9 confirmed that the 

killing of bacteria was due to structural effect of the vertically aligned nanoplates, instead of chemical 

composition.  

The bacteria killing of the vertically aligned nanoplates was further confirmed by SEM images. 

The 3 microbes were cultured for 10 min (Figures 4a–c) or 24 h (Figures 4d–f) on the calcined V-LDH 

surface. The morphological changes of the microbes showed that E. coli were killed on the vertically 

aligned nanoplate structures within 10 min, and E. coli, S. aureus and C. albicans were all killed in 24 

h. For comparison, Figure 4g-i illustrate the 3 microbes on the as-prepared V-LDH surfaces and 

cultured for 24 h. In the calcined V-LDH (d-f), microbe cell deformation was seen, while on the as-

prepared V-LDH, not much cell deformation was observed, suggesting that they are still alive at 24 h. 

This is consistent with JIS testing results in Figure 3d-f. And for C. albicans, after 24 h, a bud to hypha 

morphological transition on the as-prepared V-LDH surface was also seen (Figure 4i). Figure 4e 
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illustrates that exfoliation of the nanoplates occurred to reveal very thin nanolayers, which could be 

due to the release of certain electrolytes by S. aureus. [32] It should be noted that the exfoliation by S. 

aureus did not happen constantly, although complete killing of S. aureus was observed every time in 

our experiments.    

To check whether the bacterial cell membrane was disrupted by the structure, cell membrane 

integrity was first examined with UV absorbance at 260 nm.[9] E. coli cells were cultured on as-

prepared and calcined V-LDH for 24 h, after which the surface was washed by 4 ml of PBS. After 

centrifuging at 8000 rpm for 15 min to settle down the cells, UV absorbance of the supernatant at 260 

nm was measured. The reading for the as-prepared V-LDH was 0.004, and the reading for the calcined 

V-LDH was 0.007. As UV absorbance at 260 nm measures the amount of DNA and RAN released 

from the cells, the higher reading from the calcined V-LDH against as-prepared V-LDH indicated that 

the cell membrane leakage have occurred. The bacterial membrane permeability was also assessed 

with LIVE/DEAD method. As shown in Figure S10, only dead cells (red, E. coli) were found and no 

live cells were identified on the calcined V-LDH surface after incubation. Since red dye (propidium 

iodide, PI) can only enter permeable cell membrane and stain the cell nuclei, the red cell in Figure 

S10a indicate cell membrane damage has occurred and cells have died.  

The enhancement of antibacterial property of V-LDH after calcination could be attributed to the 

reduction in average thickness of LDH plates from 157 nm to 70 nm. The surface potential of calcined 

V-LDH changed slightly from +0.2 mV to +4.6 mV, while the contact angle decreased dramatically 

from 59.4° to ~ 0°. The increasing of surface potential may due to the decomposition of intercalated 

anions. To understand the effect of surface potential and hydrophilicity, the as-prepared and calcined 

V-LDH samples were modified to change their hydrophilicity and/or surface potential. Table 1 

presents the relationship between the antibacterial properties and the surface potential and surface 

hydrophilicity. 
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For as-prepared V-LDH, the surface was modified with oleic acid (OA), polyethylenimine (PEI) 

and platinum (Pt) coating. The successful modification of OA and PEI was confirmed by Fourier-

transform infrared (FTIR) spectroscopy (Figure S11). These modifications did not cause any changes 

in the nanoplate structures (Figure S11). The as-prepared V-LDH was positively charged, which is 

consistent with literature.[33] After surface modification with OA and PEI, the surface became 

negatively and more positively charged, respectively. The contact angles also varied from very 

hydrophobic (133.6° for OA) to very hydrophilic (~ 0° for PEI and Pt). Antibacterial testing results 

showed that hydrophilic surfaces (as-prepared V-LDH modified with PEI and Pt) were bactericidal 

with 7 log reduction for E. coli (Table 1). However, the hydrophobic surface of OA-modified as-

prepared V-LDH did not show any antibacterial property. 

For the calcined V-LDH, the surfaces were also modified with OA, PEI, and Pt. The successful 

surface modification was confirmed by FTIR spectroscopy (Figure S12). SEM images indicated no 

obvious changes in the vertically-aligned nanoplate structures after modification (Figure S12). Of the 

tested samples, the unmodified and PEI modified samples were positively charged, while the samples 

modified with OA and Pt were negatively charged. The contact angle measurements showed that the 

unmodified sample and the samples modified by PEI and Pt were super-hydrophilic, while the OA- 

modified samples were hydrophobic. The killing power of V-LDH was strongly associated with 

surface hydrophilicity (see Table 1). The higher the hydrophilicity, the better the antibacterial property. 

The antibacterial property of V-LDH did not appear to be associated with surface potential.  

The antimicrobial action by V-LDH surface may related to the structure characteristics, such as 

aspect ratio, spacing and sharpness. Rather than direct penetration by the structure which need the tip 

size <10 nm,[34] cell membrane stretching by the structure followed by cell lysis may also the cause of 

cell death. Ivanova et al. suggested that when the bacterial cell contacts the nano-structured surface, 

the membrane adsorbs to the surface protrusions and stretching the cell membrane. Continued 

membrane adsorption leads to extensive stretching and eventual cell lysis.[35] When the V-LDH surface 
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is super hydrophilic (e.g. calcined V-LDH, Pt coated V-LDH, PEI modified V-LDH, contact angle = 

0), the bacteria solution could easily spread on the V-LDH surface, enabling close contact between the 

bacteria and the plate structures and facilitate bacteria killing. However, when the V-LDH is 

hydrophobic (e.g. as-prepared V-LDH and oleic acid modified V-LDH), a stable and consistent air–

water interface will form; thus, when the bacterial solution was applied on the surface, bacteria were 

unable to penetrate the air–liquid interface owing to the high interfacial tension of the water.[36] This 

makes it extremely difficult for bacteria to find accessible sites for cell anchorage,  thereby reducing 

V-LDH’s bacteria killing property from its structure.[37]  

It should also be noted that LDH after calcination has elevated pH, which may also contribute 

to its antimicrobial property.[38-40] However, as we showed in Figure S9, only calcined V-LDH array 

kills bacteria, while randomly coated calcined LDH surface does not have antimicrobial properties in 

our testing conditions. In addition, although the as-prepared (not calcined) V-LDH did not show 

antimicrobial properties, it became antimicrobial after surface modification and transformation to 

super hydrophilicity. All these collected information suggest that the V-LDH’s structure and 

hydrophilicity played a major role in its antimicrobial property. 

The in vitro cell biocompatibility of calcined V-LDH was studied by the MTT method with 

L929 mouse fibroblast cells.[41-42] The cells were cultured and allowed to proliferate in direct contact 

with the tested surface. Cell viability was then evaluated using MTT assay, and the confluence of cells 

was checked by microscopy. Figure S13a shows that the cell viability on V-LDH coated glass was 

even slightly higher than on that on the uncoated glass, illustrating that V-LDH surface was non-toxic 

to L929 fibroblast cells. Figure S13b and S13c show a higher cell density on V-LDH coated glass than 

on uncoated glass, demonstrating that V-LDH surface has good biocompatibility with mammalian 

cells. 
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Hemolysis is a major side effect of many antimicrobial materials. Hence, the hemolytic acitivity 

of the LDH surface was examined. Titanium (Ti) discs with a diameter of 0.7 cm were prepared, and 

V-LDH was grown on the discs following the same protocol as on glass slides for 96 h. Figure 5b 

shows that V-LDH arrays were formed on the Ti disks, just as on glass and other substrates. The 

hemolytic activities of uncoated Ti discs and calcined V-LDH coated Ti discs were examined by 

incubating with rat red blood cells (rRBCs) for 1 h. rRBCs in phosphate-buffered saline (PBS) were 

used as the negative control, and absorbance of wells with rRBCs lysed with 0.2% Triton X-100 was 

taken as 100% hemolysis. Figure S14 shows that negligible hemolytic activity was observed for 

calcined V-LDH coated Ti discs, uncoated Ti discs, and PBS control. This confirmed that calcined V-

LDH coating did not lead to blood cell hemolysis. 

In vivo biocompatibility test of V-LDH was conducted via subcutaneous implantation in a 

mouse model. Uncoated Ti discs and calcined V-LDH coated Ti discs were implanted subcutaneously 

in the flanks of BALB/c mouse. At 1 week, 2 weeks, 1 month, 2 months, 3 months and 6 months post-

implantation, mice were euthanized prior to sample retrieval. Capsules were collected from the disc 

samples for histological studies. As shown in Figure 5, there were no noticeable inflammation signs, 

such as hyperemia and edema observed at the implant sites in all animal groups during 6 months of 

implantation. Hematoxylin and eosin (H&E) staining of the capsule sections at 1 week post 

implantation revealed the presence of granulocytes cells, such as neutrophils and eosinophils, in both 

groups,  which is a normal reaction to implantation procedures.[43-44]  There were no significant  

inflammatory cells infiltrated after two week, and no significant pathological differences among the 

two three groups of mice (Figure 5), indicating good in vivo biocompatibility of the calcined V-LDH 

coating. The in vivo application of V-LDH antimicrobial coating on implantations [45-47] will be studied 

in our future work. 

Conclusion 



 

15 
 

In summary, V-LDH has been prepared on various substrates as rupture-based antibacterial 

coating for different applications. The as-prepared V-LDH has minor antibacterial properties. In 

contrast, excellent antibacterial properties were demonstrated after calcination of V-LDH. The 

improved antibacterial property could be attributed to the thinner (i.e. sharper) edge of V-LDH and 

improved hydrophilicity upon heat treatment. The V-LDH surface has good in vitro and in vivo 

biocompatibility. Due to its structure-based antibacterial properties, non-toxicity and ease of 

preparation, V-LDH coating would be of great interest for a wide range of practical applications. 

 

Conflict of interest: 

The authors declare no conflict of interest. 

Acknowledgements: 

This work was supported by the Institute of Bioengineering and Bioimaging, Biomedical 

Research Council, Agency for Science, Technology and Research, and National Research Foundation, 

the Prime Minister’s Office, Singapore under its NRF Competitive Research Program (NRF-CRP19-

2017-02). 

 

References 

[1] WHO, Antimicrobial resistance: global report on surveillance 2014, 2014. 
[2] S. Venkataraman, A. L. Z. Lee, J. P. K. Tan, Y. C. Ng, A. L. Y. Lin, J. Y. K. Yong, G. Yi, Y. Zhang, I. J. Lim, T. T. 
Phan, Y. Y. Yang, Polym. Chem. 2019, 10, 412-423. 
[3] E. P. Ivanova, J. Hasan, H. K. Webb, G. Gervinskas, S. Juodkazis, V. K. Truong, A. H. F. Wu, R. N. Lamb, V. A. 
Baulin, G. S. Watson, Nat. Commun. 2013, 4, 2838. 
[4] S. K. Saini, M. Halder, Y. Singh, R. V. Nair, ACS Biomater. Sci. Eng. 2020, 6, 2778-2786. 
[5] M. Michalska, F. Gambacorta, R. Divan, I. S. Aranson, A. Sokolov, P. Noirot, P. D. Laible, Nanoscale 2018, 
10, 6639-6650. 
[6] T. Diu, N. Faruqui, T. Sjostrom, B. Lamarre, H. F. Jenkinson, B. Su, M. G. Ryadnov, Sci. Rep. 2014, 4, 7122. 
[7] J. Jenkins, J. Mantell, C. Neal, A. Gholinia, P. Verkade, A. H. Nobbs, B. Su, Nat. Commun. 2020, 11, 1626. 
[8] K. Kapat, P. P. Maity, A. P. Rameshbabu, P. K. Srivas, P. Majumdar, S. Dhara, J. Mater. Chem. B 2018, 6, 
2877-2893. 
[9] G. Yi, Y. Yuan, X. Li, Y. Zhang, Small 2018, 14, e1703159. 
[10] Y. Xie, X. Qu, J. Li, D. Li, W. Wei, D. Hui, Q. Zhang, F. Meng, H. Yin, X. Xu, Y. Wang, L. Wang, Z. Zhou, Sci. 
Total Environ. 2020, 738, 139714. 



 

16 
 

[11] G. Wang, W. Jiang, S. Mo, L. Xie, Q. Liao, L. Hu, Q. Ruan, K. Tang, B. Mehrjou, M. Liu, L. Tong, H. Wang, J. 
Zhuang, G. Wu, P. K. Chu, Adv. Sci. 2020, 7, 1902089. 
[12] J. Tan, D. Wang, H. Cao, Y. Qiao, H. Zhu, X. Liu, ACS Appl. Mater. Inter. 2018, 10, 42018-42029. 
[13] D. W. Müller, S. Lößlein, E. Terriac, K. Brix, K. Siems, R. Moeller, R. Kautenburger, F. Mücklich, Adv. Mater. 
Interfaces 2021, 8, 2001656. 
[14] J. Hasan, Y. Xu, T. Yarlagadda, M. Schuetz, K. Spann, P. K. D. V. Yarlagadda, ACS Biomater. Sci. Eng. 2020, 
6, 3608-3618. 
[15] L. Luo, Y. Zhou, X. Xu, W. Shi, J. Hu, G. Li, X. Qu, Y. Guo, X. Tian, A. Zaman, D. Hui, Z. Zhou, Nanotechnol. 
Rev. 2020, 9, 1562-1575. 
[16] M. Yamada, K. Minoura, T. Mizoguchi, K. Nakamatsu, T. Taguchi, T. Kameda, M. Sekiguchi, T. Suzutani, S. 
Konno, PLoS One 2018, 13, e0198300. 
[17] S. Wu, F. Zuber, K. Maniura-Weber, J. Brugger, Q. Ren, J. Nanobiotechnology 2018, 16, 20. 
[18] G. Hazell, L. E. Fisher, W. A. Murray, A. H. Nobbs, B. Su, J. Colloid Interf. Sci. 2018, 528, 389-399. 
[19] K. H. Tsui, X. Li, J. K. H. Tsoi, S. F. Leung, T. Lei, W. Y. Chak, C. F. Zhang, J. Chen, G. S. P. Cheung, Z. Y. Fan, 
Nanoscale 2018, 10, 10436-10442. 
[20] Y. Yuan, Y. G. Zhang, Nanomed-nanotechnol. 2017, 13, 2199-2207. 
[21] S. Wu, F. Zuber, J. Brugger, K. Maniura-Weber, Q. Ren, Nanoscale 2016, 8, 2620-2625. 
[22] G. Yi, S. P. Teong, S. Liu, S. Chng, Y. Y. Yang, Y. Zhang, J. Mater. Chem. B 2020, 8, 10146-10153. 
[23] Y. Jang, W. T. Choi, C. T. Johnson, A. J. Garcia, P. M. Singh, V. Breedveld, D. W. Hess, J. A. Champion, ACS 
Biomater. Sci. Eng. 2018, 4, 90-97. 
[24] E. P. Ivanova, D. P. Linklater, M. Werner, V. A. Baulin, X. Xu, N. Vrancken, S. Rubanov,  E. Hanssen, J. 
Wandiyanto, V. K. Truong, A. Elbourne, S. Maclaughlin, S. Juodkazis, R. J. Crawford, Proc. Natl. Acad. Sci. U.S.A. 
2020, 117, 12598-12605. 
[25] F. Cavani, F. Trifirò, A. Vaccari, Catal. Today 1991, 11, 173-301. 
[26] J. Yu, Q. Wang, D. O'Hare, L. Sun, Chem. Soc. Rev. 2017, 46, 5950-5974. 
[27] X. Guo, F. Zhang, S. Xu, D. G. Evans, X. Duan, Chem. Commun. 2009, 6836-6838. 
[28] C. Chen, P. Gunawan, X. W. Lou, R. Xu, Adv. Funct. Mater. 2012, 22, 780-787. 
[29] Japanese Standard Association, Antimicrobial products-Test for antimicrobial activity and efficacy (English 
edition), Tokyo, Japan, 2001-08, p. 14. 
[30] E. P. Ivanova, J. Hasan, H. K. Webb, V. K. Truong, G. S. Watson, J. A. Watson, V. A. Baulin, S. Pogodin, J. Y. 
Wang, M. J. Tobin, C. Lobbe, R. J. Crawford, Small 2012, 8, 2489-2494. 
[31] K. Chibwe, W. Jones, J. Chem. Soc., Chem. Commun. 1989, 926-927. 
[32] R. Ma, Z. Liu, L. Li, N. Iyi, T. Sasaki, J. Mater. Chem. 2006, 16, 3809-3813. 
[33] L. Li, R. Ma, Y. Ebina, N. Iyi, T. Sasaki, Chem. Mater. 2005, 17, 4386-4391. 
[34] C. Chiappini, E. De Rosa, J. O. Martinez, X. Liu, J. Steele, M. M. Stevens, E. Tasciotti, Nat. Mater. 2015, 14, 
532-539. 
[35] S. Pogodin, J. Hasan, V. A. Baulin, H. K. Webb, V. K. Truong, T. H. P. Nguye n, V. Boshkovikj, C. J. Fluke, G. 
S. Watson, J. A. Watson, R. J. Crawford, E. P. Ivanova, Biophys. J. 2013, 104, 835-840. 
[36] X. Zhang, L. Wang, E. Levänen, RSC Advances 2013, 3, 12003-12020. 
[37] D. P. Linklater, V. A. Baulin, S. Juodkazis, R. J. Crawford, P. Stoodley, E. P. Ivanova, Nat. Rev. Microbiol. 
2021, 19, 8-22. 
[38] K. Li, H. Tian, A. Guo, L. Jin, W. Chen, B. Tao, J. Biomed. Mater. Res. A, 2021. DOI: 10.1002/jbm.a.37284 
[39] D. Wang, N. Ge, S. Qian, J. Li, Y. Qiao, X. Liu, RSC Advances 2015, 5, 106848-106859. 
[40] B. Tao, C. Lin, Y. He, Z. Yuan, M. Chen, K. Xu, K. Li, A. Guo, K. Cai, L. Chen, Chem. Eng. J. 2021, 423, 130176. 
[41] S. Liu, R. J. Ono, H. Wu, J. Y. Teo, Z. C. Liang, K. Xu, M. Zhang, G. Zhong, J. P. Tan, M. Ng, C. Yang, J. Chan, 
Z. Ji, C. Bao, K. Kumar, S. Gao, A. Lee, M. Fevre, H. Dong, J. Y. Ying, L. Li, W. Fan, J. L. Hedrick, Y. Y. Yang, 
Biomaterials 2017, 127, 36-48. 
[42] R. Villa, C. R. Ortiz, S. Tapia, G. Gonzalez, E. Trillo, K. M. Garza, S. W. Stafford, L. E. Murr, Mater. Trans. 
2002, 43, 2991-2994. 
[43] Y. Onuki, U. Bhardwaj, F. Papadimitrakopoulos, D. J. Burgess, J. Diabetes Sci. Technol. 2008, 2, 1003-15. 
[44] J. M. Anderson, A. Rodriguez, D. T. Chang, Semin. Immunol. 2008, 20, 86-100. 



 

17 
 

[45] B. Tao, W. Zhao, C. Lin, Z. Yuan, Y. He, L. Lu, M. Chen, Y. Ding, Y. Yang, Z. Xia, K. Cai, Chem. Eng. J. 2020,  
390, 124621. 
[46] Z. Yuan, B. Tao, Y. He, C. Mu, G. Liu, J. Zhang, Q. Liao, P. Liu, K. Cai, Biomaterials 2019, 223, 119479. 
[47] Z. Yuan, B. Tao, Y. He, J. Liu, C. Lin, X. Shen, Y. Ding, Y. Yu, C. Mu, P. Liu, K. Cai, Biomaterials 2019, 217, 
119290. 

 

 

  



 

18 
 

Figure Legends 

 

 

Figure 1. a) Schematic of the bacteria killing mechanism of V-LDH coating. b) Scanning electron 

microscopy (SEM) images of Mg-Al V-LDH grown on a glass substrate. c) Energy dispersive X-ray 

(EDX) elemental analysis of V-LDH grown on a glass substrate. d) X-ray diffraction pattern (XRD) 

of V-LDH grown on a glass substrate. Scale bar = 1 µm. 
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Figure 2. SEM images of LDH on (a) polycarbonates, (c) stainless steel, (d) ceramics, (e) Titanium, 

(f) TiAV (Titanium/Aluminum/Vanadium), (d) XRD of pattern of LDH on polycarbonate (a). Scale 

bar = 1 µm  
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Figure 3. SEM images of V-LDH grown on glass substrate: (a) as-prepared and (b) after calcination at 

450°C for 18 h. Scale bar = 1 µm. (c) XRD patterns of samples before and after calcination. (d –f) 

Antimicrobial testing results of V-LDH before and after calcination for (d) E. coli, (e) S. aureus and 

(f) C. albicans. The testing method was JIS Z 2801/ISO 22196 method. * indicates that no colony was 

observed. Data were confimred by three independent experiments and the antimicrobial data are 

expressed as mean ± standard deviation (S.D.) of triplicates. 
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Figure 4. SEM images for (a, d) E. coli, (b, e) S. aureus, and (c, f) C. albicans on calcined V-LDH 

after culturing for (a–c) 10 min and (d–f) 24 h. For comparison, (g-i) showed E. coli (g), S. aureus and 

C. albicans cultured on the as-prepared V-LDH surface for 24h. Scale bar = 1 µm.  
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Figure 5. (a) SEM images of Ti surface without and with calcined LDH coating. (b) Photographs of Ti 

disks implanted subcutaneously at the flanks of BALB/c mouse for the period noted. The white and 

black disks were Ti disks without and with calcined LDH coating. 
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Figure 6. Histological analysis of capsules collected from calcined V-LDH coated Ti discs and 

uncoated Ti discs. 
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Table 1. Effect of surface hydrophilicity and surface potential on the antibacterial properties of V-

LDH. 

 Modification Charge (mV) Contact angle (°) Log Reduction of 

E. coli 

As- prepared V-

LDH 

–  +0.2 59.4 0 

OA -2.7 133.6 0 

PEI +14.5 0 7 

Pt -3.1 0 7 

Calcined V-

LDH 

– +4.6 0 7 

OA -1.4 133.6 0 

PEI +5.4 0 7 

Pt -1.5 0 7 

 

 

 

 


