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Abstract Antimicrobial hydrogels are of immense

value in wound care applications. However, the rapid

rise of antimicrobial resistance has made it necessary

to look for new antimicrobial additives for such

materials. In this study, a novel antimicrobial hydrogel

for wound care applications has been developed. The

material combines TEMPO-oxidized nanocellulose

hydrogel with a new class of antimicrobial agent,

phenyl bis-phosphinato bismuth (III) complex. The

hydrogel was characterized using scanning electron

microscope imaging to show the overall distribution of

the complex particles within the nanocellulose hydro-

gel matrix phase. The rheological properties of the

bismuth loaded hydrogel are comparable to commer-

cial over-the-counter burn hydrogels and behave like

true gels. Activity of the different concentrations of

the complex was studied against a range of medically

important bacteria and mammalian fibroblast cells.

Bismuth complex target loading of 9 lg/g showed

bactericidal activity against Acinetobacter baumannii

and Pseudomonas aeruginosa and bacteriostatic effect

against MRSA and VRE, while having no toxic effect

on mammalian fibroblast cells. However, Escherichia

coli was less susceptible to this concentration com-

paratively. Our study has identified a range of bismuth

complex loading levels for the material at which the

additive appears to be safe and active. This study is a

step towards the design of a biocompatible and

renewable hydrogel containing a safe antimicrobial

additive, which has an excellent safety margin to

pathogenic bacteria over mammalian cells and would

appear to be a promising material for active wound

dressing applications.Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
s10570-021-03835-5.
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Introduction

Skin is the largest organ of the human body, protecting

all internal organs. Trauma to the skin breaches this

protective layer and exposes internal structures to the

risk of infection and other forms of damage. The repair

of skin in which the integrity of this layer is restored

involves three phases: inflammation, proliferation of

various cell types, and tissue remodeling. The initial

inflammatory phase involves the action of preformed

proteins and resident and migratory cells to sterilise

the area of the wound in preparation for a proliferative

phase in which subcutaneous and dermal cells prolif-

erate to generate new skin layers including new blood

vessels. Finally, the newly generated tissues are

remodeled to regenerate the various layers of the skin

and to integrate with the pre-existing tissues on either

side of the wound. Disruption in any one phase of

repair can jeopardise the satisfactory completion of the

process (Agyingi et al. 2010). A large number of

factors including infection can affect wound healing

and control of infection is a pre-requisite for satisfac-

tory wound healing (Caló and Khutoryanskiy 2015;

Jones et al. 2006). Bacterial infection in burn wounds

complicates their management and in the worst cases

can lead to the death of patient (Rattanaruengsrikul

et al. 2009). Technologies to deal with wound

management include artificial skin for grafting, aids

to skin regeneration and wound closure, and infection

control by various exogenous materials and dressings

(Ashtikar and Wacker 2018). A large number of

wound dressings have been developed, both from

natural and synthetic materials (Hakkarainen et al.

2016). Active wound dressings that deliver drugs or

contains antibacterial agents are commonly used to

minimise risk of infection (Rattanaruengsrikul et al.

2009). Bacteria are constantly evolving and develop-

ing increased resistance to antibiotics and disinfec-

tants and appropriate dressings need to be developed

to account for this. In addition, wound dressing

materials need to be biocompatible and non-toxic to

host cells (Basu et al. 2018).

Hydrogel-based wound dressings are some of the

most promising materials for wound care and healing

due to their ‘‘tissue-like’’ structure and excellent

biocompatibility (Kamoun 2017). The frequency of

application of hydrogels in wound dressings has

increased due to its ability to provide a moist

environment to assist in the wound healing process

(Rattanaruengsrikul et al. 2009). Moisture helps with

dermis repair and removal of dead cells, thus aiding in

healing. Moreover, the moisture provides a cooling

effect on the wound, reducing pain. Pain is also

reduced due to the non-adherent nature of hydrogels

preventing sticking to the wound when dressings are

removed (Basu et al. 2017). Hydrogels have the ability

to absorb the wound exudates and are also permeable

to oxygen, making the properties of hydrogels further

advantageous for wound dressing (Singh and Singh

2012).

Hydrogels are three-dimensional structures of

crosslinked polymers. For biomedical applications,

physically cross-linked hydrogels are preferred as they

avoid the use of chemical crosslinking agents or

organic solvents, thus minimizing the risks and

toxicity associated with those (Kamoun 2017). One

such material is nanocellulose hydrogel, which is

crosslinked by hydrogen bonding and is a promising

material for biomedical applications (De France et al.

2017). The surface chemistry of nanocellulose has

been studied and reported to be suitable for wound

dressing applications (Chinga-Carrasco and Syverud

2014). Cellulose-based hydrogels studied for wound

dressing applications are usually bacterial cellulose.

Nanocellulose-based wound care products, such as

Biofill, Gengiflex and XCell, are also based on

bacterial cellulose (BC) (Czaja et al. 2006; Laçin

2014). Bacterial cellulose (BC) and wood-based

cellulose has the same chemical structure with the

same sugar molecule forming the polymer. However,
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BC is a weak hydrogel and is hard to modify to other

forms (Hakkarainen et al. 2016), and the large scale

production of bacterial cellulose remains a challenge

(Czaja et al. 2006). There has been limited research

exploring the application of wood-based nanocellu-

lose in wound dressings. Hakkarainen, Koivuniemi

et al. studied the use of wood-based nanocellulose as

wound dressing for burns in patients (Hakkarainen

et al. 2016), leading to the first wood-based nanocel-

lulose hydrogel, recently launched to the European

market as a wound care product by UPM-Kymmene

Corporation (Finland: UPM’s FibDex, a wood-based

innovation for wound care, receives regulatory

approval and CE mark 2019). Of relevance to this

study, the effect of antimicrobials combined with

wood-based nanocellulose hydrogels is yet to be

investigated.

In this study, wood-based nanocellulose hydrogel

incorporating a metal-based antimicrobial agent has

been studied. Silver nanoparticles and silver-based

compounds are common antimicrobial additives used

for wound dressing applications. These have been

studied as antimicrobial agents in hydrogels assem-

bled with both synthetic polymers (Abou-Yousef and

Kamel 2015; Bardajee et al. 2012; González-Sánchez

et al. 2015; Resmi et al. 2017; Singh and Singh 2012;

Thomas et al. 2007; Tyliszczak et al. 2017; Valle et al.

2014) and natural polymers (Babu et al. 2010; Hebeish

et al. 2013; Rattanaruengsrikul et al. 2009). Bacterial

cellulose hydrogel has also been impregnanted with

silver nanoparticles and the material displays antibac-

terial activity against both Gram-positive and Gram-

negative bacteria (Maneerung et al. 2008). However,

due to the overuse of silver in a large number of

products, bacterial resistance towards silver has

become a major concern (Gunawan et al. 2017;

Maillard and Hartemann 2013; Silver 2003). It has

also been reported that silver compounds, such as

silver nitrate and the most commonly used silver

sulfadiazine, can have a toxic effect in the human body

(Restuccia et al. 2016 ; Maillard and Hartemann 2013;

Rattanaruengsrikul et al. 2009; Stensberg et al. 2011).

Furthermore, there are concerns about a build-up of

silver in the environment and a desire to restrict its

widespread use because of toxicity to various organ-

isms, including humans (Werrett et al. 2018).

Researchers have shown that bismuth compounds

and complexes possess antibacterial activity (Dome-

nico et al. 2001; Kotani et al. 2005; Luqman et al.

2016; Svoboda et al. 2010; Werrett et al. 2018). In

addition, bismuth compounds, such as bismuth subsal-

icylate (Pepto-Bismol) and colloidal bismuth subci-

trate (De-Nol) have been used for treating

gastrointestinal disorders (Barry and Sadler 2013;

Briand and Burford 1999; Suzuki and Matano 2001).

Moreover, bismuth and its compounds, unlike other

heavy metals, are low in toxicity (Kotani et al. 2005)

(Suzuki and Matano 2001). In this study, a Bi (III)

complex with phosphinate ligands,

BiPh(OP(= O)Ph2)2 is studied as an additive to a

wound dressing hydrogel. While the antibacterial

activity of this hydrophobic complex (Werrett et al.

2018) as well as the production of bismuth-nanocel-

lulose composite sheets as an antimicrobial packaging

material (Maliha et al. 2019) has been previously

studied, the suitability of its incorporation into a

hydrogel matrix for wound healing purposes is not

known.

The aim of this study is to combine the new

organobismuth complex, phenyl bismuth

bis(diphenylphosphinato), into a nanocellulose hydro-

gel matrix to impart antibacterial properties to the

hydrogel. The antibacterial properties of the hydrogel

towards some of the medically important bacteria that

commonly infect wounds has been studied. The

rheological properties of the hydrogel were investi-

gated and compared to commonly used commercial

burn hydrogels. Moreover, biocompatibility of the

hydrogel with mammalian fibroblast cells was studied

to understand the overall safety of the composite.

Materials and methods

Chemicals and materials

Bleached Eucalyptus Kraft (BEK) pulp was obtained

from Australian paper, Maryvale. 2,2,6,6-Tetram-

ethylpiperidine-1-oxyl (TEMPO) and NaBr were

obtained from Sigma-Aldrich. 12 w/v% Sodium

hypochlorite (NaOCl) was purchased from Thermo

Fisher Scientific. Triphenyl bismuth (BiPh3) was

prepared using the standard Grignard method (Barton

et al. 1986) and diphenyl phosphinic acid was

purchased from Sigma-Aldrich. NaOH and HCl were

purchased from Merck and Univar, and diluted as

required. Dulbecco’s modified Eagle medium

(DMEM) was purchased from Gibco. MTS reagent
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was purchased from Promega, Australia. Calcein, AM

and Propidium iodide was obtained from Life tech-

nologies, Australia.

Preparation method

Bismuth complex synthesis

Phenyl bismuth bis(diphenylphosphinato) was pre-

pared according to Andrews et al. (Werrett et al.

2018). Triphenyl bismuth and diphenyl phosphinic

acid were mixed in the ratio of 1:2 in ethanol and

heated at reflux for 24 h. The reaction mixture was

then filtered, and the insoluble phenyl bismuth

bis(diphenylphosphinato) was isolated as a white

powder.

Preparation of bi-nanocellulose hydrogel

BEK pulp was oxidised by TEMPO-mediated oxida-

tion as described by Isogai et al. (Saito et al. 2007).

TEMPO (0.4 g) and NaBr (2.5 g) were mixed with

water to which a suspension containing 25 dry grams

of BEK pulp was added. This 3 L reaction mixture was

initiated using 75 mL NaOCl added dropwise while

being continuously stirred using an overhead stirrer.

The NaOCl was pre-adjusted to pH 10 using 36% HCl.

The reaction mixture was also maintained at pH 10

through the dropwise addition of 0.5 M NaOH. The

oxidation was carried out for 2 h. The oxidised fibres

were then dewatered and washed several times using

vacuum filtration. The TEMPO-oxidised cellulose

nanofibres thus obtained were then dispersed in

deionised water to a concentration of 2 wt% and

passed through the high-pressure homogeniser (GEA

Niro Soavi Homogeniser Panda) at 1000 bar with one

pass. Fibres produced similarly have been reported to

have diameters in the range of 3–4 nm (Fukuzumi

et al. 2009).

The desired mass of bismuth complex was dis-

persed in DI water using a dispermat at a speed of

6000 rpm for 15–25 min to ensure uniform dispersing

of the complex. The dispersion was mixed with the 2

wt% nanocellulose (NC) hydrogels in 1:1 ratio and

dispersed using the dispermat at 4000 rpm for 5 min.

The Bi-NC hydrogel thus obtained had 0.1 wt%

bismuth complex with respect to mass of hydrogel and

was stored at 4 �C for further analysis. Blank hydrogel

was prepared by mixing 2 wt% hydrogel with DI water

in 1:1 ratio.

Morphology

The bismuth distribution in the hydrogel was analysed

using Scanning Electron Microscope (SEM) imaging.

The hydrogel was air-dried on a silicon chip secured

using carbon tape. The hydrogel film was coated with

a thin conducting layer of iridium. SEM imaging was

done using the FEI Magellan 400 FEG SEM using an

accelerating voltage of 5 keV and spot size 2.

Rheology

Rheological tests were done using Anton Paar

MCR302 rheometer with the 1-degree cone and plate

geometry. The analysis was done at 25 �C. Oscillatory

strain sweep was performed at a constant frequency of

1 Hz at shear strains ranging from 0.01 to 100%.

In-vitro biocompatibility

Cytotoxicity assay

The cytotoxicity assay was performed according to

modified ISO 10993-5. Mouse fibroblast L929 cells

were cultured in Dulbecco’s Modified Eagle’s Med-

ium (DMEM) containing 10% (v/v) fetal bovine serum

(FBS) and 1% antibiotics (penicillin, streptomycin) in

a humidified incubator at 37 �C and 5% CO2. 10,000

cells/well were seeded into 96 well plates in DMEM

medium and incubated for 24 ± 1 h to form a

monolayer. The media was removed and cells washed

with PBS. Fresh media mixed with the hydrogel

samples was incubated with the cells. The 0.1 wt%

hydrogel (containing 1000 lg Bi-complex/g hydro-

gel) was first dispersed in DMEM to contain 20 wt%

hydrogel using a vortex mixture. This mixture was

pipetted to further ensure homogenous distribution

and then serially diluted with DMEM to test concen-

trations of 100, 50, 25, 12, 9, 6, 3, and 1 lg/g of the

bismuth complex (rounded to the nearest whole

number). The control cells were incubated with either

fresh DMEM (negative control) or fresh DMEM

containing 10% dimethyl sulfoxide (DMSO) to induce

cell death (positive control). A similar set of exper-

iments was undertaken using 0.1 wt% silver sulfadi-

azine loaded nanocellulose hydrogel in the same
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concentration range as the Bi-complex. DMEM con-

taining 20 wt% blank nanocellulose hydrogel or

commercial hydrogels were also tested. These were

the two non-active over-the counter hydrogels,

Solosite� and Solugel�, and silver-based active

hydrogel, Silvasorb� and are referred to as commer-

cial hydrogel 1, commercial hydrogel 2 and commer-

cial hydrogel 3 respectively in the paper. Cell viability

was assessed after 24 h of treatment by MTS assay.

The treatment media was replaced by MTS stock

solution, when tetrazolium compound MTS is con-

verted to formazan by viable cells. After 1 h of

incubation in the dark, the absorbance was recorded

using a Thermo Scientific Multiskan Spectrum plate

reader at 490 nm and using the software SkanIt RE

2.4.2. The absorbance was corrected by subtracting the

background absorbance, i.e. DMEM only in TCPS

(tissue culture polystyrene) and was normalised

against the negative control, i.e. the untreated cells

grown on TCPS with fresh DMEM media, to express

the absorbance in percentage of viability relative to the

negative control. Four independent sets of experi-

ments were performed with triplicates of each samples

every time.

Live-dead assay

The live-dead assay was performed in a 96 well plate

seeded with 10,000 cells/well and allowed to form a

monolayer for 24 ± 1 h in 37 �C and 5% CO2

condition. Cells were treated with media mixed with

the hydrogel samples (with the same concentrations

achieved by serial dilution as described above in

‘‘Cytotoxicity assay’’ section) and incubated for 24 h.

The staining solution was prepared by mixing 6 drops

of propidium iodide (PI) and 2 lL of Calcein AM to

3 mL PBS. The treatment media was replaced by

staining solution and incubated in the dark for 30 min.

Live-dead imaging was performed using the fluores-

cent microscope Nikon Eclipse Ts2 at 560 nm and

470 nm for Calcein AM and PI respectively.

Cell Morphology

A monolayer of L929 cell line in a 96 well plate seeded

with 10,000 cells/ well was treated with different

concentrations of the bismuth complex in a similar

way as above in ‘‘Cytotoxicity assay’’ section, and

incubated at 37 �C and 5% CO2 condition for 24 h.

The morphology of the cells was observed using light

microscopy using the microscope Nikon Eclipse Ts2.

Statistical analysis

The MTS assay results were statistically analysed by

one-way analysis of variance (ANOVA), followed by

Tukey’s post hoc test to compare selected pairs of data

using GraphPad Prism 8.0.2. Tests with p values

\ 0.05 were considered to be statistically significant.

Antibacterial activity

Time-kill assay

Different amounts of 0.1 wt% Bi-loaded hydrogel was

mixed with 5 mL of diluted overnight culture (1 in

100,000) of a specific bacterium such as to achieve

concentrations of 12 lg, 9 lg, 6 lg and 3 lg of

bismuth complex per gram of the broth (assuming

density of broth as 1 g/ml). The time-kill assay of

these different concentrations was performed against

Acinetobacter baumannii (C403/ATCC17978), Pseu-

domonas aeruginosa (ATCC27853), Escherichia coli

(G102), MRSA (M118797, methicillin-resistant Sta-

phylococcus aureus) and Vancomycin-resistant ente-

rococcus (M846910). Luria–Bertani (LB) media and

LB agar plates were used for growing each of the

bacterial line. The culture was spread on agar plate at

the beginning of the experiment for time zero count. A

vortex shaker was used to ensure proper mixing of the

hydrogel with the broth. The suspension was kept in an

incubator at 37 �C at 200 rpm shaking for 24 h and

samples were aliquoted out after 4, 8, 12 and 24 h. 20

lL of the sample was plated on agar plates and the

number of viable cells was determined by the colony

counting technique. Each time point was analysed in

triplicate, and each experiment was done three times.

Bacterial cell morphology

The morphology of bacterial cells after being treated

was studied using SEM. The Bi-loaded hydrogel was

mixed with 5 mL of diluted overnight culture (1 in

100,000) of P. aeruginosa, as described above, to

obtain concentrations of 12 lg and 9 lg of bismuth

complex per gram of the broth. These, along with a

control, were incubated for 24 h at 37 �C. The treated

culture was then centrifuged at 2000 rpm for 30 min at
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4 �C. The supernatant was discarded and the pelleted

cells were used for SEM sample preparation. The cells

were washed with PBS and fixed using 2.5% glu-

taraldehyde and 2% paraformaldehyde for 1 h at room

temperature. The fixed cells were then washed with

fresh sodium cacodylate buffer and post-fixed with 1%

osmium tetroxide in cacodylate buffer. The cells were

then washed with milli-Q water and incubated on

coverslips coated with 0.1% polyethyleneimine for

45 min. The coverslips were immersed in water to get

rid of the unadhered cells, and treated with increasing

concentrations of ethanol for dehydration. The cover-

slip was then critically point dried, mounted on SEM

stub and coated with a thin conducting layer of gold.

The SEM imaging was performed using FEI Nova

NanoSEM.

Internal quality control

Quality control tests were done to evaluate the

reliability and reproducibility of the antibacterial test

results. Blinded experimental repeats of the time-kill

assays were performed against MRSA (M118797,

methicillin-resistant Staphylococcus aureus) and

Acinetobacter baumannii (C403/ATCC17978). One

sample contained the Bi-loaded hydrogel to achieve a

concentration of 9 lg/g and another one contained the

same amount of blank hydrogel as the control. The

samples were analysed at 4 and 24 h and each time

point was analysed in triplicate. The experiment was

performed in the same way as before, except the test

and the blank (control) samples were blinded.

Hydrogel quality check

Bismuth content analysis were carried out using a

PerkinElmer Avio 200 Inductively Coupled Plasma -

Optical Emission Spectrometer (ICP-OES), measur-

ing Bi at 223.06 nm. Known masses from different

batches of Bi-loaded hydrogels were ashed in a muffle

furnace, wherein the temperature was ramped to and

maintained at 600 �C for 3 h. The ash was then

digested in concentrated nitric acid and diluted using

3% nitric acid. The elemental bismuth content was

analysed and used to determine the bismuth complex

content. Each batch of hydrogel was tested in triplicate

and the mean mass of the bismuth complex per gram of

hydrogel was reported.

Results and discussion

Morphology

Figure 1a and b shows the SEM images of the same

area of the Bi-loaded hydrogel films. The secondary

electron image in Fig. 1a shows the surface morphol-

ogy only. In the back-scattered electron image (BSE)

in Fig. 1b, the bright structures indicate the presence

of higher atomic number element, which is bismuth.

The main point of interest in these images is the

distribution of the bismuth complex.

The bismuth particles have been shown to be well

distributed within the nanocellulose fibres. Few

bundles of fibres were observed, which is more closely

shown in Fig. 1c. Those bundles that were present

could be due to only having a single pass in the

homogeniser in preparation of the gel. Better fibrilla-

tion can be achieved by more extensive mechanical

treatment, although this would only be worthwhile if it

led to a more active gel or was needed to satisfy

regulatory requirements. Despite the presence of the

bundles, the BSE image in Fig. S1 in supplementary

data shows that the bismuth complex particles are

sitting in between the nanofibres in the fibre bundle.

Rheology

To understand how the physical properties of the

hydrogel are altered upon incorporation of the bismuth

complex, its rheological properties were assessed. The

complex viscosity plot shown in Fig. 2 indicates that

the viscosity profile of the Bi-loaded hydrogel is

similar to that of the blank hydrogel, showing a clear

yield point for both and thereby suggesting the shear

thinning behaviour of the hydrogel is retained. The

dynamic strain sweep in Fig. 3 shows the elastic

modulus G’ (solid-like properties) and the viscous

modulus G’’ (liquid-like properties). For hydrogels,

the elastic modulus should be higher than the viscous

modulus (Mendoza et al. 2018), which is consistent

with our results. A rise of the zero-shear complex

viscosity and storage modulus was observed with Bi-

complex loading, suggesting the presence of the

bismuth complex does not negatively affect the

inter-fibre network. Although it has previously been

observed that bismuth particles interfere with fibre–

fibre bonding and upset the mechanical properties of

nanocellulose paper (Maliha et al. 2019), the opposite
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is evident here. Figures 2 and 3 also show the complex

viscosity and the modulus of two commercially

available over-the-counter non-active wound

hydrogels.

The rheological analysis show that the incorpora-

tion of bismuth does not affect the viscoelastic

properties of the hydrogel and that the hydrogel

behaves like a true gel. The blank nanocellulose

hydrogel and the Bi-NC hydrogel showed G0 higher

than G00 at low shear strains and showed a linear

viscoelastic region (LVR). These hydrogels have more

solid-like properties at these strains and the G0 and G00

remains independent of the change in strain. Beyond a

certain strain, the viscous behaviour starts to take over.

This is the critical strain beyond which the viscosity

changes with shear and behaves like a non-Newtonian

fluid. Thus, these can be used as free-flowing gels and

have the capacity to be packaged in tubes as soft solids

having an entangled fibrous network. The high zero

shear viscosity tells us about the stability and the solid-

like behaviour of the hydrogel during storage sug-

gesting there is little possibility of sedimentation or

phase separation. The higher elastic modulus and the

zero-shear viscosity after the addition of the bismuth

complex indicates stronger network formation. It can

be speculated that the bismuth complex particles are

taking part in the physical chain entanglement. Hence

due to these particles being able to arrange themselves

within the network, the material becomes less flexible

and stiffer increasing the shear force required for the

material to start flowing. The loss factor, tan d, can be

calculated as the ratio of the loss modulus to storage

modulus and was found to be 0.15 for both the blank

Fig. 1 SEM image of air-dried Bi-NC hydrogel. a Secondary electron image b Back-scattered electron image of the same area

c secondary electron image showing a nanofibre bundle

Fig. 2 Viscosity profile of blank hydrogel and bismuth-

complex loaded hydrogel compared to commercial wound

hydrogel Fig. 3 Dynamic strain sweep of blank hydrogel and bismuth-

complex loaded hydrogel compared to commercial wound

hydrogel
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hydrogel and the Bi-hydrogel in the LVR. Moreover,

the viscoelastic behaviour of the Bi-nanocellulose

hydrogel studied here is comparable to commercial

burn hydrogels as its elastic modulus and zero shear

viscosity lies in the range of commercial brands

investigated. Also, the critical strain for both the blank

and Bi-complex loaded nanocellulose hydrogel is

0.068 and lies in between the range of the two

commercial ones (0.003 and 0.347 for commercial

hydrogel 1 and 2, respectively). The yield point

represents the ease of squeezing the gel out of a tube

and the shear-thinning behaviour predicts the spread-

ability on shear forces for topical applications. These

properties are important aspects for potential com-

mercial translation. However, if required, the rheo-

logical properties of our Bi-hydrogel composites can

be altered by changing the cellulose content of the

hydrogel, as reported by Mendoza et al. (Mendoza

et al. 2018).

In-vitro biocompatibility

Cytotoxicity assay

To determine whether the bismuth hydrogels are

cytotoxic, several approaches were undertaken.

Firstly, an MTS assay was employed to determine

the viability of mouse fibroblast L929 cells that had

been incubated with bismuth hydrogels, and the

percentage cell viability determined relative to

untreated cells i.e. cells grown in DMEM only.

Statistical analysis was carried out using a 1-way

ANOVA and a post-hoc Tukey’s test. Fig. 4 shows a

concentration-dependent effect of bismuth hydrogels

on the viability of L929 cells. Generally, cell viability

was unaffected by lower bismuth concentrations in the

hydrogel, however, reduced cell viability was

observed at higher concentrations. At bismuth com-

plex concentrations greater than 12 lg/g, the mean

normalised cell viability relative to the untreated

control cells is below 20 %, indicating a cytotoxic

effect of the complex as per the requirements of ISO

10993-5 standard. The standard identifies any medical

device or material that leads to cell viability less than

70 % as cytotoxic. At concentrations B 12 lg/g, the

mean normalised cell viability was 70 % or greater,

demonstrating a dose response curve for viability.

Supporting this contention, at bismuth complex con-

centrations B 12 lg/g, the mean normalised cell

viability was not statistically different to that of

untreated cells. This type of dose-dependent phe-

nomenon was also seen with the silver sulfadiazine

loaded hydrogel. Viability was significantly reduced

when cells were cultured on high concentrations of

silver in a dose-dependent manner. For example,

concentrations B 6 lg/g, silver sulfadiazine were not

cytotoxic. We compared the toxicity of the blank

nanocellulose hydrogel to commercial hydrogels in

Fig. 4b. Commercial hydrogel 1 and 2 are non-

antibacterial products. Commercial hydrogel 3 is a

silver based antimicrobial hydrogel, that releases

silver ions. The silver content of this hydrogel was

studied using ICP-OES analysis and it was found to

contain 3.81 ± 0.40 lg/g of equivalent silver sulfa-

diazine (1.15 ± 0.12 lg/g Ag?). The silver content is

well below the toxic limit observed herein. Surpris-

ingly, all three of the commercial hydrogels showed a

degree of cellular toxicity with viability counts far

below 70 %. Nonetheless, these products are in

clinical use and this suggests that in-vitro experiments

may differ from a real-life scenario. There are a

number of possible reasons for this. Monolayers of

cells have only 15 % of cell contact as the cell density

is lower than 1 % compared to normal skin tissue and

extracellular content is very much different in the

culture dish. Moreover, in-vitro experiments only deal

with one cell type, in our case the fibroblast, and cell-

cell interactions between different cell types in skin

tissue is not taken into consideration (Hartung and

Daston 2009). Skin tissue does not only consist of

fibroblasts, but a number of different kinds of cells in

various layers of skin including keratinocytes, Langer-

hans cells, melanocytes and vascular networks of

blood vessels, sebaceous glands, nerves and many

proteins like collagen (Shpichka et al. 2019). These

along with the difficulty in understanding the reaction

of the tissue to a foreign material or stress situation

results in the difference in behaviour of cells in

isolated cultures compared to when in the organism.

Thus, it is difficult to extrapolate the in-vitro effects to

in-vivo performance (Ghallab 2013). Moreover, the

commercial hydrogels contain a range of other com-

ponents (preservatives like parabens, imidazolidinyl

urea etc.), some of which could also be the cause of the

in-vitro cytotoxicity (Güzel Bayülken and Ayaz Tüylü

2019; Spindola et al. 2018).
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Live-dead assay

As an alternative approach for evaluating the potential

cytotoxicity of bismuth-loaded hydrogels, a live-dead

assay was undertaken. This assay employs two

fluorescent probes—propidium iodide (PI) and calcein

AM. PI is a red fluorescent nucleic acid stain that is

only able to pass through the compromised mem-

branes of non-viable cells, resulting in red nuclear

fluorescence in dying or dead cells. Calcein AM is a

cell membrane permeant fluorogenic substrate that is

hydrolysed by active esterase in viable cells, resulting

in a green cytosolic fluorescence in live cells. Figure 5

shows the L929 cells incubated with hydrogels loaded

with various bismuth complex concentrations and

stained with PI and calcein AM. Notably, at bismuth

concentrations C 12 ug/g the majority of cells were

positive for PI indicating a cytotoxic affect, how-

ever, B 9 ug/g most of the cells were positive for

calcein and negative for PI suggesting lower bismuth

concentrations do not significantly compromise cel-

lular viability of this particular cell line. In control

studies, the L929 cells were incubated with either the

blank nanocellulose hydrogel (NC-gel) lacking bis-

muth, or DMEM cell culture media, and both condi-

tions were associated with high levels of cell viability.

Cell morphology

Cell health and viability is intimately linked to cell

morphology. Indeed, the induction of cell death is

associated with distinct morphological events includ-

ing cell shrinkage, plasma membrane blebbing and

fragmentation. We examined the effect of increasing

concentrations of the bismuth complex on the mor-

phology of L929 cells (Fig. 6). Notably, a significant

change in cell morphology indicating the induction of

cell death was apparent at bismuth treatment concen-

trations above 9 lg/g, which is consistent with our

observations in the cytotoxicity assays. At higher

bismuth complex concentrations, the cells appeared

smaller and more circular compared to the control

cells cultured with a blank hydrogel (NG-gel) or in

DMEM media. In addition, some cells displayed

blebbing of the peripheral membrane (Fig. 6 see inset

at 25 lg/g Bi-complex treatment). Following treat-

ment with lower concentrations of the bismuth com-

plex (9 lg/g), the cell size appeared unaffected, and

the cell morphology was spindle shaped, similar to the

control cells (NC-gel and DMEM). Thus, at or below

bismuth complex concentrations of 9 lg/g, the pres-

ence of the complex in the hydrogel does not appear to

affect the cell morphology.

The process of wound healing is highly regulated

and complex, and involves a variety of cell types

Fig. 4 Viability of L929 cells after treatment with a nanocellulose hydrogels loaded with the indicated target concentrations of Bi-

complex (green) or Ag-compound (blue) and b the indicated commercial hydrogel and blank nanocellulose hydrogel, determined by

MTS assay. Percentage viability normalised over no treatment DMEM control. The data presented are expressed as mean ± standard

error of mean of technical triplicates from four independent sets of biological replicates. The number of asterisks over the bars show the

level of significance of the data when compared with no treatment control. *p B 0.05, **p B 0.01, ***p B 0.001 and ****p B 0.0001
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including immune cells, fibroblasts and keratinocytes.

Upon tissue injury, fibroblasts migrate into the wound

and deposit extracellular matrix proteins such as

collagen that is required for filling the injured site

with newly synthesised tissue. As fibroblasts play a

critical role in wound repair, it is important to evaluate

the interactions of the cells with wound dressing

materials, including potential cytotoxic effects

(Tschumperlin 2013) (Wiegand et al. 2019). As per

the ISO standard 10993-5, the cytotoxicity of the

bismuth-loaded nanocellulose hydrogels was evalu-

ated via assessing the cell viability of the murine

fibroblast cell line L929. In addition, cytotoxicity was

evaluated qualitatively via live-dead cell staining and

morphological analysis. It is not clear how predictive

the murine L929 cell line is of human fibroblast

viability, but it is a widely employed cell line for

cytotoxicity analysis and allows comparisons to other

Fig. 5 Live-dead staining of L929 cells after 24 h of incubation with the indicated target concentration of the bismuth complex in

nanocellulose hydrogel, the blank nanocellulose hydrogel (NC-gel) or DMEM culture media only. The green and red fluorescence show

live and dead/dying cells respectively. Scale bar represents 100 lm

Fig. 6 Light microscopy of L929 cells after 24 h of incubation with the indicated target concentration of the bismuth complex in

nanocellulose hydrogel, or blank nanocellulose hydrogel (NC-gel) without the bismuth complex or DMEM media only. Scale bar

represents 100 lm in the images and 20 lm in the inset
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compounds. The vehicle, which is the pure nanocel-

lulose hydrogel had no adverse effect on the fibroblast

cells. The effect on cell viability of the bismuth-loaded

gel was assessed using the MTS assay, live dead assay

and the morphology of the mammalian cells. These

experiments showed that at higher bismuth concen-

trations, the proportion of dead cells is increased, and

hence viability is lower and the cell morphology

deviates from normal. 12 lg/g was the highest con-

centration of bismuth complex which did not signif-

icantly reduce cell viability as determined by the MTS

assay. However, in the live-dead assay and the

morphology study, the cells showed no difference

compared to controls at or below 9 lg/g loading of the

bismuth complex. Further assays would be required to

unequivocally demonstrate the safe bismuth loading

for cells. However, results herein show that target

concentrations of 9 lg/g bismuth complex appear to

be well tolerated by the cells in-vitro. Similar in-vitro

studies have shown that silver nanoparticles concen-

trations of 1.7 lg/ml, 5 lg/ml and 10 lg/ml have

reduced viability on human epidermal keratinocytes

(Samberg et al. 2010), rat liver cells (Hussain et al.

2005) and stem cells (Braydich-Stolle et al. 2005)

respectively. Argyria occurs at levels greater than

2 lg/g (Khattak et al. 2009). In-vivo studies have also

shown that silver nanoparticle exposure can affect

different organs in mammals including liver and bile

duct when ingested (Stensberg et al. 2011). Skin

contact (porcine skin) causes swelling, increased size

of epidermal layer of skin, inflammation and greyish

color at concentration of 3.4 and 34 lg/ml (Samberg

et al. 2010). It has been reported that many topical

silver containing commercial products contain silver

nanoparticles higher than 15 lg/g (Lee et al. 2015).

Despite this, many silver-based hydrogel products are

already approved in the commercial market. The

limited safety data for the novel Bi-based hydrogel

suggests it is worthy of further investigation as a

potentially safe new material for wound management.

However, further animal testing is imperative to better

understand its clinical efficacy and effects on living

organisms. The findings with approved commercial

hydrogels tested herein tells us that these in-vitro

performance differ significantly from a real-life sce-

nario, thus suggesting that expanded biocompatibility

assays will be required to adequately extrapolate to use

in vivo.

Antibacterial activity

Time-kill assay

Time-kill assays were performed to understand the

effect of concentration of the bismuth-complex load-

ing at the safe concentrations established in the

previous section against some common and significant

wound pathogens. The time-kill kinetics in Fig. 7

shows that the Bi-loaded hydrogel is bactericidal

within 4 h at 12 and 9 lg/g against the Gram-negative

bacteria A. baumannii, rapidly eradicating bacterial

colonies. However, the lower bismuth content (6 and

3 lg/g) remained bacteriostatic over the 24-h test

period. When tested against P. aeruginosa (also Gram

negative), bactericidal activity is observed within

8–12 h at 12 and 9 lg/g. At 6 lg/g, bactericidal

activity is observed over the first 12 h, after which

slow regrowth occurred. With the minimum loading of

3 lg/g, the bismuth complex was only able to slow

down bacterial growth. Representative plates for P.

aeruginosa are shown in Fig. S2. Interestingly, with

the Gram-positive methicillin resistant strain of Sta-

phylococcus aureus (MRSA) and Vancomycin-resis-

tant Enterococcus (VRE), the trend observed was

quite different. Bacteriostatic effects were observed

upon treatment with 12, 9 or 6 lg/g of the complex up

to 12 h for MRSA and 24 h for VRE. With MRSA,

regrowth was observed at the above-mentioned con-

centrations after 12 h, with the regrowing rate and the

final level of colony forming units being lower than the

control after 24 h. With treatment of 3 lg/g, MRSA

remained slow growing throughout the tested period.

There was no reduction in bacterial colonies at any of

the treatment concentrations (or times), thus indicating

less activity of these hydrogels against these Gram-

positive bacterial strains. Interestingly, the concentra-

tion dependency of E. coli was different to all the other

bacteria tested, including the other Gram-negative

ones. Important to note is that blank hydrogel (i.e. no

bismuth additive) leads to a growth curve similar to

medium alone and is shown in Fig. S3 in the

supplementary information. Therein, the tests were

done in hydrogel-broth mixture containing 20% w/w

of the blank hydrogel or the Bi-loaded hydrogel.

Pseudomonas aeruginosa and A. baumannii have

been identified as critical priority pathogens, followed

by E. coli, VRE and MRSA as a high priority

pathogens by the World Health Organization (World
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Health Organization 2017). These are responsible for

the most common bacterial infections in burns (Nor-

bury et al. 2016; Thabet et al. 2008). Around 12% of

infections following burns are caused by A. bauman-

nii, of which 99, 60 and 87% are resistant to

ceftazidime, imipenem and ciprofloxacin respectively.

P. aeruginosa infections, which comprise 16% of the

total cases, have more than 35% of strains resistant to

ceftazidime and imipenem. S. aureus still being the

most common causative agent giving rise to 20% of all

burn infections with 68% being methicillin resistant

but susceptible to glycopeptides (Thabet et al. 2008).

Infection from both S. aureus and P. aeruginosa are

known to interfere with epithelization significantly,

having a serious effect on the healing process (Pastar

et al. 2014). Burn patients are at very high risk of

MRSA infection, and combinations of infection con-

trol strategies are needed (Andrade et al. 2009). The

bismuth complex loaded hydrogels studied herein

showed rapid killing of the entire bacterial population

of P. aeruginosa and A. baumannii at target

concentrations of 12 and 9 lg/g within less than

24 h. However, with MRSA and VRE bacteriostatic

effects were observed at these concentrations, fol-

lowed by regrowth of MRSA after 12 h. Regrowth

phenomena are common in time-kill studies (Sim et al.

2014). Mathematical models suggest these phenom-

ena are indicative of adaptation and rapid evolution,

which may be due to the presence of susceptible and

resistant sub-populations within a bacterial strain

(Tam et al. 2005).

Paradoxically, the bismuth containing hydrogels

appear more active against Gram-negative bacteria.

This is surprising because previous research with

bismuth compounds has shown the opposite and found

them more active against Gram positive bacteria

(Kotani et al. 2005; Maliha et al. 2019; Werrett et al.

2018). The reasons for this are presently unknown

however it may reflect improved availability of the

complex for bacteria within a hydrogel matrix. This

selectivity in the current formulation will limit its

utility if a broad-spectrum agent is desired. However,

Fig. 7 Time-kill kinetics of the Bi-NC hydrogel at indicated target concentration of the bismuth complex against the Gram-negative

bacterial strains of A. baumannii, P. aeruginosa and E. coli and the Gram-positive strains of MRSA and VRE for 24 h period. The

values expressed represent mean ± standard deviation (n = 3). All measurements were done in triplicate and all data included except

for the following three instances where two replicates were in agreement and one was an outlier, which was excluded: A. baumannii at 6

and 3 lg/g at 12 h and P. aeruginosa at 6 lg/g at 12 h
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this selectivity for target bacteria is commonly found

among commercial hydrogels. A silver-based wound

hydrogel containing 55 ppm of AgCl is not active

against P. aeruginosa but is active against most Gram-

positive bacteria (Lee et al. 2015). The silver-based

commercial hydrogel, Silvasorb�, has a broader

spectrum of action eliminating MRSA in 3 h, VRE

in 2 h and E. coli in 6 h. Studies also suggests that it

kills P. aeruginosa within 24 h, which is also true for

our bismuth-NC hydrogel (Castellano et al. 2007).

Broad spectrum antimicrobials have the benefit of

being active against a range of bacteria, but have

greater risks of selecting resistance genes. Narrow-

spectrum antimicrobial agents may be preferred for

treatment of skin infections, urinary tract infections

and other non-life-threatening cases (Melander et al.

2018). It is encouraging that the current bismuth-

hydrogel formulation targets two Gram-negative bac-

teria, a group that is generally more resistant and has

fewer therapeutic options for treatment. However,

E. coli showed to be an exception to this trend. In spite

of being a Gram-negative bacterium, the bismuth

complex was not successful in showing bactericidal

activity at any concentrations tested. For Gram-

negative bacteria, the permeability barrier by the cell

wall is an important factor and depends on the efflux

mechanism of a particular bacterial species and

physicochemical properties of the antimicrobial agent

(Zgurskaya et al. 2015). The bismuth-phosphinato

antimicrobial agent studied herein is hydrophobic and

present as large needle shaped particles in the hydrogel

(Maliha et al. 2019). Hydrophobic compounds are

generally transported into the cells of Gram-negative

bacteria by passive diffusion. The structure of the

outer membrane of Pseudomonas and Acinetobacter

species are similar to most Gram-negative bacteria,

except enterobacteria like E. coli (Zgurskaya et al.

2015). Species of Acinetobacter and Pseudomonas

also showed higher permeability and more suscepti-

bility than E. coli to large hydrophobic antibiotics like

novobiocin, and erythromycin (Plésiat and Nikaido

1992). Moreover, E. coli has greater sensitivity to

small molecule antibiotics compared to other Gram-

negative ones. So the higher susceptibility of the more

problematic bacterial species to the bismuth complex

can be advantageous (Norbury et al. 2016). Reports

indicate that A. baumannii uses hydrophobic com-

pounds as growth nutrients and thus has a unique

pathway for transport of hydrophobic substances into

the cells (Borneleit and Kleber 1991). This transport

pathway may explain the rapid bactericidal effect the

Bi-complex had on A. baumannii within only 4 h. The

concentration dependent activity of the hydrogel does

suggest that higher concentrations of the bismuth

complex may induce a bactericidal or sustained

bacteriostatic effect for E. coli, MRSA and VRE.

However, higher concentrations were not tested due to

reduced mammalian cell viability.

Bacterial cell morphology

The hydrogel loaded with the bismuth complex is

shown to have an effect on bacterial viability by time-

kill kinetics. P. aeruginosa was taken as a model

bacterium for this study, and bactericidal concentra-

tions of 12 and 9 lg/g were studied. Untreated cells

served as the control, which shows smooth surfaces on

the rod-shaped bacterial cells, with no visible cell

damage shown in Fig. 8a, b. Figure 8c shows the

appearance of the cells after being treated with Bi-

loaded hydrogels at 12 lg/g of the bismuth complex in

the broth, with the cell surface having an uneven

texture. Fibrous features formed on the exterior of the

cells along with debris build-up around them. Fig-

ure 8b and d show the bacterial cells at the same

magnification, clearly showing the difference in

number of bacterial cells after being treated with Bi-

loaded hydrogel with concentration of 9 lg/g of the

bismuth complex compared to the control. Figure 9

shows the structure of a single bacterial cell to

illustrate the morphological changes to individual

cells after exposure to Bi-loaded hydrogels. The

Fig. 8 SEM images of untreated P. aeruginosa cells (a, b), and

treated with Bi-NC hydrogel with bismuth complex concentra-

tions of 12 lg/g (c) and 9 lg/g (d)

123

Cellulose (2021) 28:4701–4718 4713



treated cells show obvious shape malformation, indi-

cating possible disruption of the cell wall and/or loss

of membrane integrity. When treated at 12 lg/g,

intracellular material was observed to be leaking out of

the cells, likely by formation of membrane bound

vesicles. Overall, the cells show severe shape distor-

tion and a crumpled surface after being treated, which

supports the findings from the time-kill assay.

Internal quality control

Quality control tests were done to evaluate the

reliability and reproducibility of the antibacterial test

results. Blinded experimental repeats of the time-kill

assays were performed using one Gram-positive

(MRSA) and one Gram-negative (A. baumannii)

bacteria in a different laboratory using a different

batch of hydrogel. This was done to verify that the

difference in activity towards these two classes of

bacteria is reproducible, so one of each kind of

bacteria was chosen. There were also some differences

in the bacterial population in the blinded experiments

in Fig. S4 compared to the original time-kill assay.

This was true for both the 9 lg/g and the control

growth curves. The control curve showed less growth

in the blinded experiments. For instance, after 24 h

MRSA showed 9 CFU/mL in the blinded experiment

as opposed to 12 CFU/mL with the original time-kill

assay. This could be because the interlaboratory

repeatability of bacterial cell count using the CFU

method is poor (Beal et al. 2020). However, the aim of

this research was not to prove the interlaboratory

reproducibility of the growth curve, but to show that

the effect of the bismuth complex on the bacterial

population compared to an untreated control at the

same conditions is reproducible. The bacterial count

showed similar fold reduction when treated with 9 lg/

g Bi-complex compared to the control in the blinded

repeats. For example, for MRSA, the ratio of the log

CFU/mL of the control to the 9 lg/g at 4 h was 1.32

and 1.61 and at 24 h was 1.56 and 1.35 for the blinded

experiment and the original experiment respectively.

So, the bismuth complex was able to achieve a similar

fold reduction. With the A. baumannii, the entire

bacterial population was killed in 4 h, similar to the

original assay. The interlaboratory reproducibility of

the antibacterial activity proven from this study

demonstrates the stability and reliability of the

antibacterial activity of Bi-complex loaded hydrogels.

Hydrogel quality check

The 0.1 wt.% hydrogel was tested to verify the actual

loading of the bismuth complex to account for all

losses during the various stages of hydrogel prepara-

tion. It was found that the hydrogel contained

0.08 ± 0.01 wt.% of the bismuth complex, reported

as batch 1 in Table S1. It is important to note that the

actual bismuth content is somewhat lower than the

target concentration. For applications like this, it is

critical to ensure that the active agent concentration is

consistent and predictable. A quality check study was

performed to understand the bismuth complex content

in different batches of hydrogels produced. The actual

Fig. 9 SEM images of a single P. aeruginosa cell with no treatment (control), and treated with Bi-NC hydrogel with bismuth complex

concentrations of 12 lg/g and 9 lg/g. Scale bar represents 1 lm
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bismuth complex content of three more different

batches of the bismuth-loaded hydrogel were tested, as

shown in Table S1. The average ± standard deviation

of the bismuth complex content in the four batches of

hydrogels was 0.081 ± 0.002 wt.%, showing that a

consistent loading was achieved.

The studies reported here identify a bismuth

complex loading of 9 lg/g as the most appropriate

concentration for further study. Concentrations of 12

and 9 lg/g do not show much difference in antibac-

terial activity to the most bacterial strains tested. The

cytotoxicity assays suggest there is a measurable

deleterious effect on fibroblasts at 12 lg/g and above

compared to the DMEM control. Lower concentra-

tions do not decrease cellular proliferation or viability

of the fibroblast line tested. From this comparison, a

target concentration of 9 lg/g is identified as the

optimum concentration, showing toxicity to prokary-

otic bacterial cells (of Gram-negative type in partic-

ular) along with having no adverse effect on

mammalian cells. According to the ICP-OES analysis

the actual bismuth complex content is slightly, yet

consistently, lower than the target loading. The

optimised target concentration of 9 lg/g (9.375 lg/g

in 3 decimal places) is calculated to contain 7.5 lg/g.

The actual bismuth content quality check must be

performed prior to commercial production. The bis-

muth complex is highly hydrophobic and tends to stick

to beaker walls and other surfaces during the Bi-

loaded hydrogel preparation resulting in lower than

the target loading. This makes it difficult to synthesize

a hydrogel with such low concentration at laboratory

scale. Once incorporated into a nanocellulose matrix,

the complex particles are intertwined by the fibres

which protect them from coming out onto the surfaces.

Moreover, the limitation of in-vitro tests is that the

sample must be diluted in media and it is this treatment

mixture of sample and media that is delivered to the

cells. Therefore, the bismuth content in the treatment

mixture and the prepared (neat) hydrogel will be

different. Hence, a single batch of hydrogel was

prepared for which the actual bismuth content was

measured. The Bi-hydrogel was diluted to study the

effect of different concentrations of the complex.

Future work should include testing a 9 lg/g loaded

nanocellulose hydrogel on an in-vivo skin model.

Since the pure nanocellulose hydrogel was shown to

be non-toxic, the toxic effect in the bismuth-loaded

hydrogels was solely due to the bismuth complex

content which has been optimised in this paper. Thus,

nanocellulose hydrogel loaded with a target concen-

tration of 9 lg/g bismuth complex is the most

appropriate concentration for further study as antibac-

terial wound dressing that can lessen the bioburden,

thereby reducing the probability of wounds becoming

infected. In addition, the highly hydrated nature of the

hydrogel can promote wound healing.

Conclusion

The potential of phenyl bis-diphenylphosphinato bis-

muth (III) complex loaded nanocellulose hydrogels for

wound care applications has been investigated. Mor-

phological studies using SEM show a well-distributed

complex in the hydrogel matrix. The rheological

properties show the hydrogel behaves like true gels

and is comparable to commercial burn hydrogels sold

in tubes. This highlights the suitability of our material

in terms of ease of storage and application. An

extensive study to optimise the loading of the bismuth

complex in the hydrogel was done. It was shown there

is a dose-dependent effect on both the antibacterial

properties as well as the toxicity toward mammalian

fibroblast cells. The study herein gives a detailed

understanding of the host-cell safety and antibacterial

activity of different levels of the bismuth complex in

the hydrogel matrix. The optimum target concentra-

tion of 9 lg/g was established to have a selective

toxicity towards bacteria over mammalian cells. This

study demonstrates that these hydrogels can be

promising candidates as antimicrobial wound gels

when the bismuth complex is used at safe but active

levels. This opens opportunities for formulation of a

renewable, safe and active wound care hydrogel using

a new class of antibacterial agent to address the issue

of rising antimicrobial resistance. Moreover, the

bactericidal behaviour of the complex towards the

Gram-negative bacterial strains, A. baumannii and P.

aeruginosa, at concentrations safe to host cells is

promising, given therapeutics for treatment of infec-

tions caused by these bacteria are limited (Norbury

et al. 2016). The antibacterial selectivity towards the

different bacterial strains suggests its usefulness in

specific clinical utility over a broad-spectrum antibac-

terial material. This might be advantageous over silver

wound gels, which are generally broad-spectrum

antibacterial materials (Lee et al. 2015). However,

our study here is limited to in-vitro experiments of the
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biocompatibility and antibacterial effect. The in-vitro

results presented in this paper provides a useful

preliminary screening to optimise Bi-nanocellulose

hydrogel formulation and future in-vivo studies on

animal models is required using hydrogel loaded with

the optimised level of bismuth complex for regulatory

purposes. An infected wound model is highly recom-

mended to understand not only the biocompatibility

and antibacterial activity of the composite hydrogel,

but also to understand the healing properties of the

hydrogel.
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