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Supporting Information

Figure S1. High resolution XPS spectra of the A) pre-magnetised and B) post-magenetised 
GLM-Fe particles drop cast onto a clean silicon substrate. Peak positions  and  binding  energy  
ranges  were  auto selected by the Avantage software. Peaks were assigned in accordance with 
the Avantage database, Ga0 peaks are located at 18.7 eV (Ga 3d), 159.5 eV (Ga 3s) and 1117 
eV (Ga 2p) eV. In0 and  Sn0 peaks  are observed at  444  eV  (In 3d)  and  484.8  eV  (Sn 3d), 
respectively. Importantly, no distinct changes were observed between the pre-magnetised and 
post-magnetised samples. Oxygen and Carbon peaks were associated with the silicon substrate 
that was used as a support for the GLM-Fe particles. For the Ga 3d data, the red line is the 
exprimental data, the black line is the general fit, the purple line is Ga3d5/2 (Element), the teal 
line Ga3d3/2  (Element), the teal line Ga3d3 (Native Oxide).  For the Ga 2p data, the black line 
is the exprimental data, the blue line is the general fit, the teal line is the Ga2p1/2 (Native Oxide).  
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Figure S2. EDX spectra of the A) pre-magnetised and B) post-magenetised GLM-Fe particles 
drop cast onto a clean silicon substrate. The respective SEM images are shown along side the 
EDX maps of Gallium (Ga), Indium (In), Oxygen (O), Tin (Sn), and Iron (Fe). 
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Figure S3. UV-vis spectra of the GLM-Fe particle solution as a function of time. The curves 
were obtained over a period of 24 hours at intervals of 1 hour. A) Shows the intial solution 
following fabrication of sonication. B) Spectra obtained folllowing initial setteling and then 
resuspension via mechnical shaking. Importantly, this shows that the particles can be 
resuspended for use via shaking.

Figure S4. A) Force of particle as a function of the size of magnetic inclusion. B) Drag force 
experienced by the particle as function of particle diameter. 
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Figure S5. A collection of SEM micropgraphs displaying the variant morphologies of post-
magnetised GLM-Fe particles. Importantly, the resulting partcile shapes appeared to be 
somewhat random, meaning that the system is chaotic. The particles could laregely be placed 
into three morphological catagories, including rods, spheroids, and stars. The white scale bar 
is 200 nm in each image, respectively.

Figure S6. Additional SEM micrographs of (left) P. aeruginosa and (right) S. aureus cells 
following 90 minutes of exposure to the rotating magnetic fields in the presence of GLM-Fe 
particles. The white scale bars are 500 nm.
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Figure S7. Raw biofilm mass (um3/um2) as a function of magentic activation. The p-values for 
treatment times of 30, 60, and 90 min are 0.001, 9.03 × 10-5, and 0.0003 and 0.006, 0.009, and 
0.014 for P. aeruginosa and S. aureus, respectively, compared to control. N = 3 for all samples.

Figure S8. A) Raw CFU count and B) CFU count displayed on a logarithmic scale for control 
and treated with magnetically activated GLM-Fe particles for P. aeruginosa and S. aureus 
biofilms. C) Representative plates from the CFU experiments. 
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Figure S9. A) CLSM images of Pseudomonas aeruginosa (left) and Staphylococcus aureus 
(right) biofilms following 90 min magnetic exposure to iron nanoparticles (FeNP). The CLSM 
images are 220 µm × 220 µm. B) Average number of viable cells expressed as a percentage 
and C) Biofilm biomass following the magnetic exposure, expressed as a percentage of the 
control biomass. No statistical significance was noted between systems. N = 2 for each system.

Figure S10. TEM images of bacteria co-cultured with GLM-Fe particles in the absence of 
magetnic field. Importantly, there is no sign of cellular damage or particles entering the cells. 
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Figure S11. Antibiotic Susceptibility of Biofilms. Representative CLSM images of P. 
aeruginosa and S. aureus biofilms following 90 minutes of treatment with the antibiotics 
amocxicillin, clindamycin, and tetracycline at the MIC concentration and at 100× the MIC. The 
exact concentrations are displayed to the left of the respecitve images. 

Figure S12. A) Cell viability and B) Raw biofilm mass (um3/um2) following treatment with 
the antibiotic amocxicillin, clindamycin, and tetracycline at the indicated concentrations. No 
statistical significance was noted between systems. N = 2 for each system.
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Figure S13. Assessment of cytotoxicity of the galinstan (GLM), galinstan-Fe (GLM-Fe), and 
magnetically activated GLM-Fe particles on HEK cell lines. A) The data shows the viability 
of HEK cells in the presence of particles (100 µg/mL) after 2 days of incubation against control 
samples (with no introduction of particles) with and without magnetisation for 90 minutes. B) 
Assessment of the innate cytotoxicity of the galinstan (GLM) and galinstan-Fe (GLM-Fe) 
particles without magnetisation as a function of concentration. The negative control is cells 
grown without the presence of any particles, and the positive control SDS and Triton X-100 
(0.1 wt%/vol) were included to show the efficacy of the AlamarBlue assay. These data were 
compared with the untreated HEK cells and expressed in terms of the cell viability (%). Each 
experiment was repeated three times.
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Figure S14. Optical phase contrast images showing no inhibition of HEK cell growth after 
treatment with galinstan, GLM-Fe and activiated GLM-Fe. Interesrtingly, despite the increase 
in the concentration of materials, HEK cells were shown to be able to proliferation and 
differentiation. Under the activation of magnetic field, HEK cells seem to grow healthily after 
2 day incubation. The white scale bar (bottom left) is 100 µm.

Red Blood Cell and White Blood Cell Lysis

Quantitative results are needed to ensure the hemocompatibility of the particle used. White 
blood cells (WBC) and red blood cells (RBC) count was observed using automated blood 
parameters analyser Sysmex X1000i. Samples were incubated in shaking incubator at 37C to 
mimic the condition of the moving blood in the body. From the results obtained from the 
analysis (Figure S9), indicate that there is no statistically significant difference (P>0.05) 
between GLM-Fe samples with PBS either in WBC and RBC count. However, there are 
significant differences between all groups of GLM-Fe and PBS with Triton-X. This indicates 
that the exposure of GLM-Fe does not induce any significant changes in the amount of WBC 
and RBC. There was also no difference in the results from groups of different hours, which 
demonstrate that Lysis occurs almost instantly in Triton-X 100%.
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Figure S15. Sysmex X1000i result of white blood cell (WBC) and red blood cell (RBC) 
content with 1 and 4 hour of incubation time 
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Haemolysis Percentage

Haemolysis percentage was also observed by incubating washed red blood cells in samples and 
the percentage was calculated by comparison with totally lysed sample (Triton-X 100) and 
negative control which produces no lysis (PBS). As shown in Figure S10, GLM-Fe had 
minimal effect towards the red blood cell lysis. Haemolysis percentage below 2% is considered 
non-haemolytic which indicate that GLM-Fe particles did not induce haemolysis.1
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Figure S16. Percent of haemolysis observed in samples. Triton-X groups were significantly 
different with all the other groups (P<0.0001). 

Platelet Aggregation
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To observe the effect of GLM-Fe towards platelet aggregation, GLM-Fe samples were 
incubated in platelet rich plasma and compared with ADP a known platelet aggregation 
activator as a positive control. For platelet aggregation a threshold of 20% was known as the 
limit and as observed in Figure S11, GLM-Fe did not induce significant platelet aggregation 
with percentage of platelet aggregation below threshold (2). 
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Figure S17. Platelet aggregation of GLM-Fe compared with ADP.

METHODOLOGY

Red Blood Cells and White Blood Cells Lysis

In order to analyse the effect of liquid metal on red blood cells and white blood cells count 
human blood from healthy volunteers was collected in citrated vacutainer. To a volume of 600 
µL of whole blood, 60 µL of sample was added and incubated in a shaking incubator at 37°C 
for 1 and 4 hours. After incubation, 20 µL of the sample was added with 140 µL of CellPack® 
buffer to ensure a ratio of 1:7. The samples were then analysed using Sysmex® X1000i to 
observe the blood parameters. Triton-X 100 1% was used as a positive control to ensure lysis 
of cells, while PBS was used as the negative control. 

Haemolysis Percentage

Blood was centrifuged at 1000 rpm for 15 minutes to separate plasma with red blood cells. The 
red blood cells were obtained by separating the plasma and followed by washing of the red 
blood cells twice with PBS. A stock of red blood cells was created by diluting 1 mL of washed 
red blood cells into a final volume of 50 ml with PBS. As much as 20 µL of liquid metal sample 
was placed in a well of a 96 well plate and 180 µL of the red blood cells stock solution was 
added. Triton-X 100 1% and PBS were used as positive and negative control respectively. The 
plate was then placed in a shaking incubator at 37°C for 1 and 4 hours. After incubation, the 
plate was then centrifuged at 1000 rpm for 5 minutes and aspirate the supernatant to transfer to 
a different well plate for reading. The samples were then observed for absorbance using a plate 
reader at 545 nm. Percent haemolysis was calculated using the equation below (Eq.2). 
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         (Eq.2)𝑯𝒂𝒆𝒎𝒐𝒍𝒚𝒔𝒊𝒔 (%) =
𝑨𝒃𝒔𝒐𝒓𝒃𝒂𝒏𝒄𝒆 𝒔𝒂𝒎𝒑𝒍𝒆 ― 𝑨𝒃𝒔𝒐𝒓𝒃𝒂𝒏𝒄𝒆 𝒏𝒆𝒈𝒂𝒕𝒊𝒗𝒆 𝒄𝒐𝒏𝒕𝒓𝒐𝒍

𝑨𝒃𝒔𝒐𝒓𝒃𝒂𝒏𝒄𝒆 𝒑𝒐𝒔𝒊𝒕𝒊𝒗𝒆 𝒄𝒐𝒏𝒕𝒓𝒐𝒍 ― 𝑨𝒃𝒔𝒐𝒓𝒃𝒂𝒏𝒄𝒆 𝒏𝒆𝒈𝒂𝒕𝒊𝒗𝒆 𝒄𝒐𝒏𝒕𝒓𝒐𝒍 𝒙 𝟏𝟎𝟎

Platelet Aggregation

Platelet rich plasma (PRP) was obtained from blood of healthy volunteers by centrifugation at 
1000 rpm for 15 minutes. After centrifugation, plasma was then separated from the red blood 
cells and placed in a clean tube. In a tube, 20 µL of samples were added with 100 µL of PRP 
and incubated for 1 hour in a shaking incubator at 37°C. The platelet count (PC) were then 
analysed using Sysmex X1000i. Adenosine diphosphate (ADP) was used as a positive control 
and DPBS (PBS without Ca2+ or Mg2+) as a negative control. The percentage of platelet 
aggregation was analysed by using equation shown in Eq.3. 

                   (Eq.3)𝑷𝒍𝒂𝒕𝒆𝒍𝒆𝒕 𝒂𝒈𝒈𝒓𝒆𝒈𝒂𝒕𝒊𝒐𝒏 (%) =
𝑷𝑪 𝒏𝒆𝒈𝒂𝒕𝒊𝒗𝒆 𝒄𝒐𝒏𝒕𝒓𝒐𝒍 ― 𝑷𝑪 𝒔𝒂𝒎𝒑𝒍𝒆

𝑷𝑪 𝒏𝒆𝒈𝒂𝒕𝒊𝒗𝒆 𝒄𝒐𝒏𝒕𝒓𝒐𝒍  𝒙 𝟏𝟎𝟎%

Statistical Analysis

All of the statistical analysis was calculated by one-way analysis of variance (ANOVA) using 
GraphPad Prism 8 software. 

Table S1. Comparison of passive antibacterial nanomaterials.

Materials Sizes/Thickness Concentration Bacterium Efficacy
Biofilm 

Eradication
Treatment 

time

Ag3 4 nm - 24 nm 50 µg/ml
Escherichia 

coli 100% N

24 hour 
incubation 

with 
bacteria

Au4 10 nm - 200 nm Widely 
Variant Various NB N N/A

ZnO5 249 nm 0.25 g/L (0.25 
mg/mL)

Escherichia 
coli

80% 
growth 

reduction
N

2 hour to 
be 

effective 
against 
bacteria

Graphene 
oxide6

0.31 µm ± 0.20 
µm

80 μg/mL Escherichia 
coli

90% N 2 hour to 
be 

effective 
against 
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N:no, NB: Not bactericidal, N/A: not applicable

Table S2. Comparison of stimuli responsive (activated) antibacterial nanomaterials.

Materials
Sizes/Thic

kness
Activa

tor
Concentr

ation Bacterium
Efficac

y

Biofilm 
Eradica

tion

Treatm
ent 

Time

ZnO 
nanoparti

cles7
60 nm

UV-
visible 
Light

Embedded 
in PDMS 

and 
photosensi

tiser 
crystal 

violet (50 
mg/g)

Escherichi
a coli

Staphyloco
ccus 

aureus

4 log 
reductio

n

95% 
reductio

n

N N/A

ZnO 
nanoparti

cles5
50 – 70 nm

UV-
visible 
Light

10 mM

Staphyloco
ccus 

aureus

Staphyloco
ccus 

epidermidi
s

More 
than 
90% 

reductio
n

N N/A

TiO2 
nanoparti

cles8
79 nm

UV-
visible 
Light

1200 µM Escherichi
a coli

75% 
reductio

n
N N/A

Cu-TiO2 
nanoparti

cles9
15-50 nm

UV-
visible 
Light

Drop-
casting 1 
mg/mL 

nanopartic
le 

suspension 
onto the 2 
cm × 2 cm 

glass 
substrate

Escherichi
a coli

100% 
reductio

n
N N/A

bacteria

Reduced 
graphene 

oxide6

2.75 µm ± 1.18 
μm 80 μg/mL Escherichia 

coli 80% N

2 hour to 
be 

effective 
against 
bacteria
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V2O5 
nanowires

10

average 
length of 

300 nm and 
a width of 

20 nm

uv-
visible 
Light

0.075 mg 
ml−1

Escherichi
a coli

Staphyloco
ccus 

aureus

Inhibit 
the 

growth 
of 

bacteria

I

180 
minutes 

to 
inhibit 

the 
growth 

of 
bacteria

Gold 
nanostar1

1

50 – 100 
nm

NIR 
laser

Monolayer 
of 

nanostar 
on glass

Staphyloco
ccus 

aureus
99% I

30 
minutes 

to 
eradicat

e the 
monola
yer of 

bacteria

Gold 
nanocross

12
~100 nm NIR 

laser 0.2 mg/mL
Pseudomo

nas 
aeruginosa

99% I

5 
minutes 

to 
eradicat

e the 
monola
yer of 

bacteria

Fe-
Galinstan 
particles 

(This 
Study)

nm - µm 
(wide 

variation)

Rotati
ng 

magne
tic 

field

0.1 mg/mL

Pseudomo
nas 

aeruginosa

Staphyloco
ccus 

aureus

99% 
Inactiva

tion
D

90 
minutes 

to 
eradicat
e the 25 

µm-
thick 

biofilm

N:no, I: Inhibition, D: Disintegration
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Table S3. Table 1 recreated with the respective CLSM image of the active biofilm. All 3D 
plots represent a 220 µm × 220 µm area.

Biofilm CLSM ImagesMaterial Condition Biofilm 
Degradation

Antibacterial 
Behaviour P. aeruginosa S. aureus

24 
Bacterial 

Incubation
× ×

GLM
90 min 

Magnetic 
Exposure

× ×

24 
Bacterial 

Incubation
× ×

GLM-Fe
90 min 

Magnetic 
Exposure

 

24 
Bacterial 

Incubation
× ×

Post-
Magnetised 

GLM-Fe 90 min 
Magnetic 
Exposure

 
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Table S4. Comparative effect of last-line antibiotics on established biofilms.

Bacteria Antibiotic
Efficacy Against 

Biofilm
Exposure 

Time Notes

S. aureus Vancomycin (2 mg/ml)13 0% 24 h

Tigecycline (2 mg/ml)13 85 ± 30% 24 h

Tigecycline (64 µg/ml)14 ~65% 24 h

P. aeruginosa Imipenem (64 µg/ml)*15 Log 3 increase 12 h In Vivo 
study

Colistin (256 µg/ml)15 Log 4 increase 12 h In Vivo 
study

Imipenem (0.5 µg/ml)16 ~165% increase 37 h

Tigecycline17 NR: inherent 
Resistance

N/A

*Commercial name for carbapenem
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Table S5. Comparison of Elastic Moduli of Various Bacterial and Eukaryotic Cells.

Cell Type Species Strain / Source

Method 
of 

Determin
ation

Elastic 
Modulus

Bacteria Escherichia coli18 NS
AFM 
(Force 

Curves)

23 ± 8 
MPa - 49 
± 20 MPa

Escherichia coli19 NCTC 9001
AFM 
(Force 

Curves)

221.4 ± 
11.9 MPa

Pseudomonas aeruginosa20 PAO1 CLAMP 100–200 
MPa

Staphylococcus aureus19 NCTC 8532
AFM 
(Force 

Curves)

95.4 ± 2.6 
MPa

Eukaryotes Cardiocytes21 Isolated from rabbits
AFM 
(Force 

Curves)

90–110 
kPa

Endothelial cells22 Harvested from bovine
AFM 
(Force 

Curves)
10–11 kPa

Fibroblasts23 NIH3T3
AFM 
(Force 

Curves)

4 to 100 
kPa

Osteoblasts24 Patient Sourced
AFM 
(Force 

Curves)

0.3–20.0 
kPa

Red blood cells25 Patient Sourced
AFM 
(Force 

Curves)

129.56 - 
149.69 

kPa
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