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A B S T R A C T

Antibiotic resistance is a global public health threat, and urgent actions should be undertaken for developing
alternative antimicrobial strategies and approaches. Notably, bismuth drugs exhibit potent antimicrobial effects
on various pathogens and promising efficacy in tackling SARS-CoV-2 and related infections. As such, bismuth-
based materials could precisely combat pathogenic bacteria and effectively treat the resultant infections and
inflammatory diseases through a controlled release of Bi ions for targeted drug delivery. Currently, it is a great
challenge to rapidly and massively manufacture bismuth-based particles, and yet there are no reports on effec-
tively constructing such porous antimicrobial-loaded particles. Herein, we have developed two rapid approaches
(i.e., ultrasound-assisted and agitation-free methods) to synthesizing bismuth-based materials with ellipsoid-
(Ellipsoids) and rod-like (Rods) morphologies respectively, and fully characterized physicochemical properties.
Rods with a porous structure were confirmed as bismuth metal-organic frameworks (Bi-MOF) and aligned with
the crystalline structure of CAU-17. Importantly, the formation of Rods was a ‘two-step’ crystallization process of
growing almond-flake-like units followed by stacking into the rod-like structure. The size of Bi-MOF was precisely
controlled from micro-to nano-scales by varying concentrations of metal ions and their ratio to the ligand.
Moreover, both Ellipsoids and Rods showed excellent biocompatibility with human gingival fibroblasts and potent
antimicrobial effects on the Gram-negative oral pathogens including Aggregatibacter actinomycetemcomitans, Por-
phyromonas gingivalis and Fusobacterium nucleatum. Both Ellipsoids and Rods at 50 μg/mL could disrupt the
bacterial membranes, and particularly eliminate P. gingivalis biofilms. This study demonstrates highly efficient and
facile approaches to synthesizing bismuth-based particles. Our work could enrich the administration modalities of
metallic drugs for promising antibiotic-free healthcare.
1. Introduction

Antimicrobial resistance as a global public health crisis accounts for a
huge healthcare burden with massive socio-economic impacts [1]. It is
highly urgent to develop alternative antimicrobial strategies and ap-
proaches to tackling this serious issue. Recently, both organic- and
inorganic-based materials have been increasingly used to combat the
crisis, such as molybdenum disulfide for releasing near-infrared light--
induced nitric oxide and cobalt-doped nickel oxide nanoparticles for
ku.hk (L. Jin).
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enhancing the catalytic effects of reactive oxygen species on bacterial
biofilms [2–11]. It is noteworthy that bismuth as a relatively
environmental-friendly heavy metal has been used for catalysis, energy
storage and biomedicines [12–15]. Over the years, bismuth has acted as
effective antibiotic adjuvants against Helicobacter pylori-induced gastro-
intestinal infections [16]. Additionally, it can restore the sensitivity of
bacteria with drug-resistant genes to antibiotics [17,18]. Our recent work
shows that bismuth drugs with metronidazole synergistically eradicate
the noxious persisters of the keystone periodontopathogen -
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Porphyromonas gingivalis (Pg), and yet the bismuth drugs alone could
reverse Pg-triggered disturbance of immunoinflammatory responses in
host cells [19,20]. Importantly, the less cytotoxic ranitidine bismuth
citrate has been confirmed as a potential therapeutic agent for treating
SARS-CoV-2 infections [21,22]. Therefore, bismuth drugs or
bismuth-based materials with selective inhibitory effects on various
Gram-negative pathogens hold great potentials to be utilized for
antibiotic-free treatments. However, it remains a great challenge to
rapidly and massively manufacture bismuth-based particles, and
currently there are no reports on constructing such porous
antimicrobial-loaded particles.

Bismuth-based materials, owing to the high affinity of bismuth to-
wards sulfur, nitrogen and oxygen, have been constructed into diverse
forms (e.g., complexes, oxyhalides and composite oxides) via various
approaches such as conventional, hydrothermal, sonochemical and
microwave-assisted methods [15,23–27]. Remarkably, metal-organic
frameworks (MOFs), a group of hybrid crystalline materials composed
of metal ions and organic ligands, demonstrate high surface area and
ultrahigh porosity [28–34]. As such, MOFs are promising candidates for
various applications, including gas storage and separation, sensing,
catalysis, proton conduction, drug delivery and antimicrobial coating
agents [34–39]. The Bi3þ-coordinated MOFs (Bi-MOFs), compared to
Scheme 1. Schematic illustration of the synthesis, crystallization mechanism and a
synthesizing bismuth-based particles in 30 min, and the porous one with rod-like shap
b) the formation of Rods in methanol was a ‘two-step’ crystallization process, and
bismuth particles could disrupt the membrane of selected Gram-negative bacteria an
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other MOF types, possess potent antimicrobial activities and may serve as
potential drug carriers or antimicrobial agents [40–43]. However, it is
noted that only four microporous Bi-MOFs (CAU-7, CAU-17, CAU-35 and
NOTT-220) have been reported so far [44]. Amongst, CAU-17 can be
successfully synthesized with Bi3þ and trimesic acid through hydro-
thermal, sonochemical and microwave-assisted methods [30,31,36].
Nevertheless, mass production of CAU-17 is still time-consuming, devi-
ce-dependent (e.g., ultrasonic probes, laboratory-used oven and micro-
wave) and condition-restricted (e.g., high temperature and pressure).
Thus, it remains a great challenge to rapidly and massively manufacture
Bi-MOFs in ambient environments using an eco-friendly method.

Here, we present novel approaches to constructing two featured types
of bismuth-based particles with detailed characterizations. We confirmed
one of the forms to be CAU-17 by its crystalline structure (Scheme 1a).
Notably, the agitation-free method for synthesizing Bi-MOFs has been
thoroughly studied to identify the crystallization process and the influ-
ential factors on the structure and morphology of MOF (Scheme 1b).
Afterward, the antibacterial and anti-biofilm effects of the as-synthesized
bismuth-based particles were assessed on eight representative Gram-
positive and Gram-negative pathogens, namely Streptococcus mutans
(Sm), Streptococcus sobrinus (Ss), Enterococcus faecalis (Ef), methicillin-
resistant Staphylococcus aureus (MRSA), Pseudomonas aeruginosa (Pa),
ntibacterial effects of bismuth particles. a) Two approaches were developed for
e (Rods) was characterized as Bi-MOFs with the crystalline structure of CAU-17;
the size of Rods was tunable from micron-to nanometer; c) the as-synthesized
d show potent antibiofilm effects in vitro.
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Aggregatibacter actinomycetemcomitans (Aa), P. gingivalis (Pg) and Fuso-
bacterium nucleatum (Fn) (Scheme 1c). The cytotoxicity of the Bi particles
was assessed on human gingival fibroblasts. Particularly, the bismuth-
based materials have comparable antimicrobial effects as the commer-
cialized bismuth drug – colloidal bismuth subcitrate (CBS). Our current
findings may shed light on providing more diverse and facile approaches
to synthesizing the porous and non-porous bismuth particles, while
simultaneously enriching the administration modalities of metallic drugs
and their promising applications in antibiotic-free healthcare.

2. Material and methods

2.1. Chemicals

Trimesic acid (H3BTC), bismuth (III) nitrate pentahydrate
(Bi(NO3)3⋅5H2O) and tetrazolium salt dye (2,3,5-triphenyl tetrazolium
chloride, TTC) were obtained from Meryer (Shanghai, China). Sodium
acetate (NaOAc) was ordered from Fisons (Loughborough, UK). Meth-
anol (MeOH) and penicillin G (PEN) were obtained from Merck (Darm-
stadt, Germany), and N,N-dimethylformamide (DMF) and amoxicillin
(AMX) were from Sigma-Aldrich (St. Louis, USA). Acetone was ordered
from RCI Labscan (Bangkok, Thailand). Colloidal bismuth subcitrate
(CBS) was received from Lizon Pharmaceutical Limited (China) and
diluted with sterile deionized water (DI H2O) to 100 mM before use.

2.2. Synthesis of Bi-based materials

Ellipsoid-like bismuth particles (Ellipsoids) were prepared according
to the report with some modifications [45]. First, 336 mg (1.6 mmol) of
H3BTC and 78 mg (0.16 mmol) of Bi(NO3)3⋅5H2O were completely dis-
solved in 30 mL of DMF to get a clear solution. Subsequently, 10 mg
(0.76 mmol) of NaOAc as modulator in 1 mL of MeOH were added
dropwise to the solution and sonicated (20 kHz, 38% amplitude for 3 s
followed by pausing for 7 s; Sonics & Materials Inc., Danbury, USA) for
10 min. After the appearance of white precipitates, the reaction was
terminated and settled at room temperature. The particles were washed
with MeOH and collected by centrifugation at 8000 rpm (High-Speed
Refrigerated Centrifuge CR 22 N, Hitachi Ltd., Tokyo, Japan) for 3 min.

Referring to the synthesis of rod-like Bi-MOFs (Rods), 336 mg (1.6
mmol) of H3BTC and 78 mg (0.16 mmol) of Bi(NO3)3⋅5H2O were added
into a 50 mL Flacon tube filled with 30 mL of MeOH and sonochemically
dissolved using an ultrasonic bath (Branson 2200, Branson Ultrasonics
Crop., Connecticut, USA) with minimal perturbance. The solution was
left undisturbed at ambient temperature for recrystallization. In due
time, the solution would turn from opaque to clear and maintain its
transparency for the next 10 min. Thereafter, white precipitates gradu-
ally appeared in the solution and were deposited at the bottom of the
tube. The particles were collected by centrifugation (8000 rpm for 3 min)
followed by washing with MeOH three times.

In regard to studying the in-situ formation of Rods, almond flake-like
bismuth particles (Almond flakes) were prepared accordingly in similar
ways to Rods but with agitation or ultrasound-assisted disturbance. Both
types of particles were collected every 5 min during the synthesis for a
total of 90 min. The supernatant was discarded after centrifugation, and
the solids were directly resuspended in acetone for electron microscopy
(EM) assessment.

2.3. Characterizations of Bi-based materials

The morphology of Bi-based particles was determined by scanning
electron microscope (SEM; Hitachi Ltd., Tokyo, Japan), Hitachi S-4800
field emission scanning electron microscopes (FE-SEM; Hitachi Ltd.,
Tokyo, Japan) and Tecnai G2 20 S-TWIN transmission electron micro-
scopy (TEM; FEI, Hillsboro, USA) equipped with Energy Dispersive X-ray
Spectrometer (EDX). TGA-6 Thermogravimetric Analyzer (TGA; Perkin
Elmer, Waltham, USA) was used to assay the thermal decomposition of
3

the samples, whereas the surface area and pore size were measured by
the nitrogen (N2) adsorption-desorption isotherms at around 77 K using
the ASAP 2020 M system (Micromeritics, Norcross, USA). The Nicolet
Magna 550 Series II Fourier transform infrared spectroscopy (FT-IR;
Nicolet Instrument, Madison, US) and Thermo Scientific K-Alpha X-ray
photoelectron spectrometer (XPS) modified with monochromatic radia-
tion AlKα source (1486.6 eV) were used to evaluate the elemental
composition and states of the materials. For the crystallinity, powder X-
ray diffraction (PXRD) analysis was performed using Bruker D8 Advance
X-ray Diffractometer, and the results were retrieved from X Pert-Philips
X-ray diffractometer equipped with monochromatized CuKα radiation
(1.5406 Å, 55 kV and 40 mA).

2.4. Stability of Ellipsoids and Rods in different solutions or culture media

The particles were suspended in deionized (DI) H2O, phosphate-
buffered saline (PBS, pH 7.2), tryptic soy broth (TSB; 30 g/L tryptic
soy broth from Difco, 5.0 g/L yeast extract from Difco and 1% hemin and
vitamin K1 solution) and brain heart infusion (BHI; Difco), respectively;
and sampled on days 1, 2, 4, 7 and 14, followed by washing with DI H2O
thrice before EM assessment.

2.5. Bacterial strains and growth conditions

All bacteria strains were obtained from the American Type Culture
Collection (ATCC, Manassas, USA), including A. actinomycetemcomitans
(Aa; ATCC 29523), P. gingivalis (Pg; ATCC 33277), E. faecalis (Ef; ATCC
29212), F. nucleatum (Fn; ATCC 25586), S. mutans (Sm; ATCC 35668),
S. sobrinus (Ss; ATCC 33478), P. aeruginosa (Pa; ATCC 27853) and
methicillin-resistant S. aureus (MRSA; ATCC 33592). Unless otherwise
specified, all strains were maintained on blood agar plates (39 g/L
Columbia agar base from Difco, 5% Defibrinated Horse Blood from He-
mostat and 1% hemin and vitamin K1 solution) anaerobically (Aa, Pg and
Fn)/aerobically (Ef, Sm, Ss, Pa and MRSA) at 37 �C according to the
guideline. Except for Pg and Fn, which they were cultured in supple-
mented TSB, others were incubated in BHI broth medium. The bacteria at
late log phase were diluted to the concentration with OD660 value of 0.1
and performed for the following biological assays.

2.6. Antimicrobial activities of ellipsoids, rods and CBS

The minimum inhibitory concentrations (MICs) of the bismuth par-
ticles and CBS on the planktonic bacteria were determined by micro-
dilution assay as described previously [20]. Generally, Ellipsoids, Rods
and CBS were added to the 96-well plate filled with growth media, and a
2-fold serial dilution was performed with the highest treatment con-
centration of 1 mg/mL. Then, the bacteria (1.5 � 107 CFU/mL or 1.0 �
108 CFU/mL for MRSA) were transferred into the plate, making the final
bacterial concentration 1 � 106 or 1 � 107 CFU/mL for MRSA, respec-
tively. Upon obtaining the MIC values, 3 μL of each inhibitory concen-
tration aliquot were spotted onto blood agar plates to determine the
minimal bactericidal concentrations (MBCs). The plates were either
anaerobically/aerobically incubated according to their optimal growing
conditions.

2.7. Interactive profiles of Bi particles with the selected bacteria

Samples seeded at MIC were collected after discarding the spent
media and suspended in saline before plating on the Thermonox plastic
coverslips (15 mm diameter, Thermo Fisher). Then, the coverslips were
submerged in 2.5% glutaraldehyde of a PBS solution for 1 h, and the
liquid was fully aspirated and discarded, followed by step-washing with
PBS and a series of EtOH solutions (30, 50, 70, 85, 95 and 100%). Finally,
the samples were air-dried prior to coating with platinum, and their
interactive profiles with bacteria were examined under SEM and FE-SEM.
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2.8. Synergistic effects of bismuth particles and amoxicillin

The checkerboard assays were conducted to determine the fractional
inhibitory concentrations (FICs) as described elsewhere with minor
modifications [46,47]. In short, the AMX stock solution with 2X MIC was
added to the first numerically labeled row followed by a 2-fold serial
dilution across the 96-well plates. In a separated 96-well plate, the Bi
particles solution with 2X MIC was placed at the alphabetically labeled
column and then serially diluted across all wells. The two plates were
subsequently mixed, making the final concentrations of both bismuth
particles and amoxicillin at 1X MIC. Lastly, the bacterial cells were added
to the wells, and the plate was incubated for 24 h.

2.9. Metal-releasing activities of the bismuth particles

Tissue culture plate inserts with polyester membrane (12 holes, 0.4
μm, JETbiofil, Guangzhou, China) were employed to evaluate the metal-
releasing activities of the bismuth particles. Briefly, bismuth particles
were first suspended in the upper or lower compartment of the plate.
After the particles were evenly distributed in the media, Pg was added
into the lower compartment and incubated for 72 h; afterward, the so-
lutions were collected and the aliquots were spotted on a blood agar
plate. Finally, the concentration of bismuth ions was analyzed through
inductively coupled plasma optimal emission spectrometry (ICP-OES,
Spectro Arcos, Kleve, Germany).

2.10. Anti-biofilm assays

Anti-adhesion and eradication experiments were performed on Aa
and Pg based on MIC results and reported protocols with minor modifi-
cations [20,48]. Briefly, crystal violet (CV) staining, TTC colorimetric
analysis and colony-forming units (CFU) enumeration were used for
evaluating biofilm biomass, metabolic activities and bacterial cell
viability, respectively. In the anti-adhesion assays, 10 μL of Bi parti-
cles/CBS solutions and 90 μL of bacteria were added to the 96-well
plates. For the TTC colorimetric analysis, an additional 1 μL of 5% TTC
solution was quickly added to the wells after giving treatments to bac-
teria, and the plates were immediately incubated under static anaerobic
settings and grown accordingly to the predetermined optimal growth
conditions of the selected bacteria (2 d for Aa and 3 d for Pg). After in-
cubation, each well was washed with DI H2O twice, followed by adding
105 μL of MeOH and incubating for another 30 min to allow dissolving of
TTC-reduced formazan. The final metabolic activity was determined as:

Biofilm metabolism (%) ¼ (SampleA500 – Sample BlankA500)/(ControlA500 –
BlankA500) � 100

For the CV staining, the plates with Bi particles/CBS and bacteria
suspension were firstly incubated for 2 or 3 d. Then, the media were
removed and the biofilms were subsequently washed with DI H2O twice
before quantifying the biofilm biomass with 0.1% of CV solution for 10
min. After that, the staining solution was discarded, and the CV-stained
wells were washed with DI H2O twice and incubated with 30% of ace-
tic acid for another 10 min. The CV absorbance was recorded at 595 nm,
and the following equation was applied for evaluating the effects of Bi
particles/CBS on biofilm biomass:

Biofilm growth (%) ¼ (SampleA595 – Sample BlankA595)/(ControlA595 –
BlankA595) � 100

Regarding CFU enumeration, the plates with treatments and bacteria
were cultured for 2 or 3 d. Afterward, all liquid was aspirated from the
plates, and each well was rinsed with fresh growth media two times to
remove planktonic cells. The adhered biofilms were harvested by a cot-
ton swab and transferred to an Eppendorf tube containing 1 mL of growth
media. After vortexing for 5 min, the sample solutions were diluted,
plated on the marked agar plate and incubated under optimal growth
4

conditions for at least three days. Then, the colonies were counted for
determining bacterial viability.

Assays for biofilm eradication were similar to biofilm anti-adhesion.
Generally, bacteria in their corresponding culture media were grown to
late log phase and diluted to OD660 of 0.1 before transferring 100 μL to
the 96-well. After incubation, the planktonic and unadhered cells were
removed by washing two times with PBS. Except for the TTC plate, which
required adding another 2 μL of 5% TTC solution to each well (final
concentration: 0.05% wt/vol), all plates were added with 20 μL of
treatments (Bi particles or CBS) and 180 μL of fresh growth media, and
further incubated with the biofilms for 24 h. The results of CV, TTC and
CFU plates were collected and analyzed as described previously.

2.11. Confocal scanning laser microscopy

All anti-biofilm setups were identical to previous sections except that
the bacteria were cultured in ibidi GmbH μ-Slide 8-well chambers with a
polymer coverslip (Munich, Germany). After removing the treatments,
the biofilms were stained with SYTO9 and propidium iodide from Live/
Dead BacLight™ viability kit (Thermo Fisher Scientific) for 30 min at
room temperature, and the biofilm viabilities were assessed using a
confocal scanning laser microscope equipped with 543 nm HeNe laser
and 488 nm Argon laser (Olympus FLUOVIEW FV 1000 with an FV-10
ASW system; Tokyo, Japan). The as-obtained fluorescence images were
analyzed by ImageJ (Version 1.8.0, National Institutes of Health, USA).

2.12. Cell culture and cytotoxicity assays

Human gingival fibroblast cell line (HGF-1) was ordered from ATCC
(Manassas, USA), while Dulbecco's modified eagle's medium (DMEM)
and the fetal bovine serum (FBS) were ordered from Gibco (Thermo
Fisher Scientific, Waltham, USA). HGF-1 was cultured in DMEM supplied
with 10% FBS and 100 μg/mL of the antimicrobial agent Primocin
(InvivoGen, USA) at 37 �C with 5% CO2 in the humidified incubator.
Then, HGF-1 was seeded in 96-well plate at the dentistry of 8� 103 cells/
well and cultured for two days to reach 80% confluency. Then, Bi par-
ticles and CBS at different concentrations (500, 250, 125 and 62.5 μg/
mL) were added to the cells for 24 h, respectively. Then, the viability of
the cells was assessed using Cell Counting Kit-8 (CCK-8, Dojindo,
Kumamoto, Japan), and the permeability of the cell membrane was
evaluated by CyQUANT LDH Cytotoxicity Assay Kit (Thermo Fisher
Scientific, Waltham, USA).

2.13. Statistical analysis

All biological experiments were performed with at least two dupli-
cates on three different occasions. The results were analyzed using
GraphPad Prism 9 and presented as mean � SD. The significant inter-
group difference was analyzed using one-way analysis of variance with
multi-comparisons by Bonferroni's test.

3. Results and discussion

3.1. Characterization of the two featured bismuth particles – Ellipsoids and
Rods

Two different types of bismuth-basedmaterials were synthesized with
two commonly used precursors, trimesic acid (H3BTC) and
Bi(NO3)3⋅5H2O, via an ultrasound-assisted or agitation-free method
(Scheme 1a). The morphologies of the as-synthesized bismuth materials
were confirmed by FE-SEM and TEM with elemental mapping (Fig. 1b
and S1), and the two as-identified micron-sized ellipsoid- and rod-like
bismuth materials were denoted as Ellipsoids and Rods, respectively.
Ellipsoids comprised of stacked thin-ellipsoidal sheets have an average
measured length and width of 1.71 � 0.35 and 0.40 � 0.10 μm,
respectively; whereas Rods with hexagonal facet have an average
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measured length and width of 3.93 � 0.42 and 1.92 � 0.19 μm,
respectively (Fig. S1). In this study, the H3BTC ligands, a widely adopted
and commercially available compound, were adopted as the linking
agent. This bridging compound has been applied for synthesizing various
types of MOFs, such as MIL-100(Fe), HKUST-1 and MOFs-808 [49–51]. It
could act as a hard base by possessing carboxyl groups that bind to
high-valent Bi3þ ions and form a stable structure [52]. Additionally,
when DMF was selected as the solvent system, both ligand and metal
starting reagents could completely homogenize in the solution, while
only ligands could be dissolved in MeOH. Since the formation of crystal
structures is solvent-dependent, MeOH as a solvent systemmay allow fast
precipitation of the particles during the initial stage, whereas the usage of
DMF may affect the solubility and interactions of the chemicals [53,54].
Fig. 1. (a) Schematic illustration of Ellipsoids and Rods syntheses. (b) Representative
and Rods (scale bar: 2 μm). (c) PXRD patterns of Ellipsoids, Rods and CAU-17-stim
desorption isotherms of (e) Ellipsoids and (f) Rods with their BJH desorption dV/dl

5

Utilizing an ultrasound device and adding a modulator, on the other
hand, could facilitate and accelerate the formation of bismuth-based
materials (Ellipsoids) in DMF. Of note, white precipitates of Ellipsoids
could be fast observable within 10 min. Compared with previously re-
ported hydrothermal/solvothermal methods, which usually take more
than 10 h for each experiment, this approach may allow fast production
due to increased pre-exponential factors [55]. Concurrently, adding
modulators, such as NaOAc, could deprotonate the linkers and lead to
fast nucleation, thus reducing the size of the particles to smaller scales.

Meanwhile, the powder X-ray diffraction (PXRD) patterns of Rods at
low angles (below 10�) demonstrate similar peaks to CAU-17 stimula-
tion, whereas the disappearance of several peaks of the poorly-crystalline
Ellipsoids suggested a different form of bismuth material (Fig. 1c) [56].
SEM images (scale bar: 5 μm) with magnification of Ellipsoids (scale bar: 3 μm)
ulated. (d) TGA decomposition curves of Ellipsoids and Rods. N2 adsorption-

og(D) pore size distributions (insect). (g) XPS analysis of Ellipsoids and Rods.
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According to Bennett et al., the poor crystallinity might be due to the
presence of an amorphous phase resulting from the absence of long-range
ordered structures in the crystal [57]. Additionally, the crystallinity
patterns of Rods are highly consistent with the stimulated CAU-17,
implying the formation of the CAU-17 MOF subtype, while the differ-
ence in peak intensity might be due to the disordered pore-blocking
intermediates/precursors [56,58]. Furthermore, the Ellipsoids and
Rods demonstrated similar thermal stabilities with each other according
to the thermogravimetric analysis (TGA) (Fig. 1d). In general, both El-
lipsoids and Rods shared a comparable weight loss pattern, except that
Ellipsoids had an extra mass loss to 160 �C. The first two mass losses to
110 �C and 160 �C indicate the removals of solvents [59]. Consequently,
the last mass loss to 400 �C suggests the decomposition of the H3BTC.

The Brunauer-Emmett-Teller (BET) analysis further determined the
porosity of the as-synthesized particles. It was found that Ellipsoids
(Fig. 1e) had a surface area of 7.46 m2/g, while Rods had a BET surface
area of 228.77 m2/g with an average adsorption pore width of 2.02 nm.
Moreover, the N2 adsorption-desorption isotherms of Rods could be
classified as a typical type IV isotherm accompanying H3 hysteresis with
a relative pressure (P/Po) between 0.5 and 0.9 (Fig. 1f), which were
commonly recognized in MOFs [53,60,61]. These data indicate the
non-porous structure of Ellipsoids and support that Rods with MOF na-
ture contain porous architecture. It was also noted that the surface area of
Rods was less than that of the reported CAU-17 synthesized via the hy-
drothermal approaches (228.77 vs. 530 m2/g) [44], which might be
owing to the incomplete activation of Rods prior to the N2 adsorption/-
desorption analysis.

Fourier transform infrared spectroscopy (FT-IR) and X-ray photo-
electron spectroscopy (XPS) were undertaken to determine the functional
groups and bindings as well as the elemental composition of the particles.
As presented in Fig. S2, Ellipsoids and Rods showed almost identical FT-
IR spectra, which could also be found in the previous report [62], while
the three peaks of the H3BTC spectrum at 3200–2700 cm�1, 1730–1706
cm�1 and 1440–1395 cm�1 disappeared after crystallization, demon-
strating the opening of the metal site centers to form bismuth materials.
Moreover, XPS analyses were conducted to understand the detailed
elemental compositions of Ellipsoids and Rods. As revealed in Fig. 1g,
Fig. 2. (a) General scheme of crystallization course of Rods. The turbidity of the react
the reactions with or without agitation. An aliquot was taken out from the solution e
whereas the Rods would only form when no agitation was applied (scale bar: 5 μ
Depending on the synthetic methods, these building blocks aligned differently could
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both bismuth particles primarily consisting of C, O and Bi had nearly
identical elemental composition profiles. Generally, the C1s of the two
particles could be divided into two bands, the C–C/C––C at 284.8 eV and
O–C––O at 288.6 eV. Meanwhile, the O1s bands could be identified as the
bindings of (C––O)–O–Bi at 531.5 eV and O–C at 532.1 eV or the
bismuth-oxo clusters (O––C)–O–Bi/OH at 533.3 eV. For the Bi4f spectra,
the doublet peaks at 159.8 and 165.2 eV could be ascribed to the O–Bi–O
binding [63,64]. Taken together, we speculated that the variation in
crystallization and morphology might not be due to their elemental
compositions but the arrangement of their initial building blocks
resulting from different synthetic approaches.

3.2. Effects of various synthetic conditions on the crystallization of rods

The hexagonal rod-like MOFs (Rods) could self-assemble under
ambient conditions via a stirring-free direct precipitation method. We
hypothesized that their formation might be associated with the orienta-
tion of the initial building blocks (Fig. 2a). Therefore, a time-resolved
study was carried out to investigate the effects of agitation (stirring) on
the crystallization process. An aliquot of each experimental group was
collected every 5 min for a total of 30 min, and its morphology was
determined under SEM. As shown in Fig. 2b, a re-arrangement would
occur for the first 5–10 min before transforming the “oblongs” to the as-
seen structures. Briefly, the Rods underwent two observable phase
transitions in the solution prior to their precipitation. The first transition
(cloudy to transparent in MeOH) happened within the first 1–2 min after
the starting materials were completely sonochemically dissolved. The
second transition took place in the next 20 min with aggregates of the
white precipitates gradually becoming apparent in the reagent bottle.
Interestingly, if stirrings were employed at any time, the Almond-flakes
would appear, whereas the Rods would only form when no agitation
was applied.

To further support our hypothesis, a parallel setup with the assistance
of an ultrasound device was performed to investigate the effects of
disturbance on the formation process of MOF, and the as-synthesized
particles were denoted as Ultrasound. As shown in Fig. S3a, bismuth
particles synthesized with stirring (denoted as Agitation) or the
ion solution and (b) the SEM images of the precipitations at each time point from
very 5 min for 30 min. If stirrings were employed, Almond-flakes would appear,
m). White arrowheads indicate the stacking of the “oblong” building blocks.
affect their orientation during the synthesis, resulting in different structures.
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assistance of an ultrasound device could form Almond-flake-like shapes,
and their physicochemical properties such as elemental compositions and
crystallinity assessed by XPS and XRD were almost identical. The XPS
spectra of all bismuth particles in Fig. S3b did not reveal significant shifts
in their chemical bindings, except for O1s. Remarkably, the employment
of an ultrasound device may lead to an increase in the formation of C–O
bindings. Meanwhile, the elemental compositions of the bismuth mate-
rials (Fig. S3c) demonstrated that Ellipsoids, ultrasound-assisted and
agitated Almond-flakes had similar atom composition profiles, whereas
Rods had the least amount of bismuth percentage. Referring to the XRD
patterns of the bismuth particles (Fig. S3d), the agitated Almond-flakes
displayed almost identical peaks to the sonochemically prepared ones,
which was similar to the “plates” found in previous studies [53,56,65,
66]. These flakes/plates in the absence of distinct peaks at a low angle
(2θ < 10�) have been considered as the intermediates of CAU-17
generated from the initial nucleation points, and they may have a close
association with the homogeneity and axial-growing of the sonochemi-
cally synthesized CAU-17 [56], Taken together, the utilization of
different synthetic approaches as well as the selected solvent systems
may have minimal effects on the elemental compositions of the particles.
Yet, it may greatly affect the orientations of the intermediates during the
early crystallization phase.

To the best of our knowledge, all currently reported Bi-MOFs were
prepared through either hydrothermal, solvothermal, mechanochemical
or sonochemical methods, which usually required high temperature and
pressure, long reaction time and additional supporting devices. These Bi-
MOFs were mainly designed for non-biological purposes, and their syn-
thetic conditions and applications are summarized in Table S1. Of note,
we are the first group to report the rapid and facile approach to syn-
thesizing Bi-MOFs in MeOH at room temperature. Under the same scale
of synthesizing CAU-17, the final mass produced from themethod used in
this study was 48.4 mg (equivalent to 68.5% of metal conversion),
whereas the final mass prepared with the most frequently reported hy-
drothermal methods (120 �C for 24 h) was 38.6 mg (metal conversion:
54.6%) (Fig. S4). Meanwhile, the Rods constructed in this study were
better defined, more uniform structure yet with less debris than those
obtained from the hydrothermal reaction. It is worth noting that our
repeating experiment using the previously reported hydrothermal
method for synthesizing CAU-17 did not generate equivalent rod-shaped
crystals, suggesting that the anticipated high repeatability could not be
obtained through the widely adopted approach. Lastly, the rod-shaped
MOFs with scale-up yield could be quickly harvested within 30 min by
increasing the reaction volume to 240 mL (8 folds of the original reaction
set), indicating a highly repeatable synthesis and stable process of crystal
formation.

Besides the high metal conversion, the aforementioned results clearly
indicated that at least two key stages were involved in the crystallization
of Bi-MOF, i.e., the formation of the Almond-flake-like units and their
subsequent stacking into the rod-like structure. It has been suggested that
the crystallization of MOFs is determined by nucleation and growth [67,
68]. According to classic nucleation theory, the crystalline nuclei
generated from the starting materials under supersaturation conditions
favor a more thermodynamically stable phase, leading to an irreversible
shift of their shapes [68]. In this study, the H3BTC ligand exhibits good
solubility in MeOH, while the Bi source is insoluble in alcohol. Interest-
ingly, when these two chemicals were simultaneously applied to MeOH,
they could temporarily dissolve under sonication. This short-term dis-
solved status might be due to the high-affinity binding between the
carboxyl groups of H3BTC and Bi ions. When the dissolved Bi ions
became supersaturated, the crystallization commenced alongside the
gradual appearance of white precipitates in the solution, suggesting the
formation of Almond-flake-like units and their self-assembly of rod-like
structures (Fig. 2a). Therefore, in addition to the effects of agitation,
the initial metal concentrations ([M]) and the metal-to-ligand (M-L) ra-
tios may play a critical role in the precipitation rate, which may conse-
quently influence the size of the Almond-flake-like units and the
7

following self-assembled rod-like MOF shapes.
As shown in Fig. 3a, when the values of [M] were at 1 mM and 5 mM,

the oblong-like flakes were firmly stacked until the M-L ratio exceeded
1:10 and 1:1, respectively. Thereafter, the flakes were replaced by
thinner and more elongated rod-like structures. For [M] at 10 mM and 20
mM, only an insignificant number of oblong-flake fractures could be
identified with 1:1 and 1:5 M-L ratios, while most of the shapes were
smaller and thinner rods. Moreover, the duration of the as-observed
transparent phase was obviously prolonged, while the M-L ratio
increased. As presented in Fig. 3b, the length, width or aspect ratio vs.
[M] of Rods with various M-L ratios was calculated, respectively.
Notably, the width of the Rods significantly decreased to nano-scales
with [M] at 10 mM and 20 mM as well as M-L ratios of 1:20 and 1:30.
These findings reveal that the formation of Rods highly relies on Bi ions
reaching the supersaturation point under proper M-L ratios in the first
place. Importantly, increasing the amount of ligands could facilitate the
depletion of the local metal ions and lead to the formation of smaller
crystal units, particularly at higher metal concentrations, thereby
enabling tunable synthesis of CAU-17 from micro-to nano-scale.

3.3. Stability of Ellipsoids and Rods in various solutions and media

The stability of Ellipsoids and Rods in various solutions and media,
such as DI H2O, PBS, TSB and BHI, was also investigated (Fig. 4 & S5). In
general, both Ellipsoids and Rods could maintain their overall
morphology with no or minor degradation when immersed in DI H2O or
the growth media for up to 14 days. It has been previously reported that
MOF instability in DI H2O possesses an initial concentration-dependent
manner, depending on the hydration-deprotonation equilibrium. Mean-
while, the small amount of degradation in bacterial media might be due
to the metal ion binding with the organic species and subsequently
forming water-soluble organometallic moieties [69]. However, when
PBS was selected as the solution system, the skeleton of the particles
started to collapse after the 4th day, resulting in a thread-like
morphology with tiny bubbles attaching to the edges. On the 14th day,
both bismuth particles completely lost their integrity (Fig. S5). According
to Orellana-Tarva et al., these tiny bubbles adhering to the surface could
lead to the decomposition of the particles [70]. Similar results are found
in the previous studies of UiO-66 Zr-based MOFs, in which the phosphate
in PBS may replace the linkers, resulting in particle degradation [69–71].
In sum, both Ellipsoids and Rods demonstrated excellent stability in DI
H2O, TSB and BHI. The stability of bismuth particles in these media may
be further employed for biological experiments, including antimicrobial
and anti-biofilm assays.

3.4. Cytotoxicity tests of Ellipsoids and Rods in human gingival fibroblast
cell line (HGF-1)

The potential effects of Ellipsoids, Rods and CBS on the viability of
HGF-1 were evaluated via the CCK-8 and LDH assays. No detectable
toxicity was observed for CBS, in line with our recent findings.9 Of note,
both Ellipsoids and Rods did not exhibit significant effects on the cell
viability of HGF-1 (Fig. 5).

3.5. Antimicrobial effects and interactive profiles of Bi-based materials
against selected bacteria

The antimicrobial effects of the Bi particles on the eight representa-
tive bacteria in both planktonic and biofilm modes were assessed.
Overall, Ellipsoids and Rods exhibited similar results to CBS (Table 1). All
bismuth treatments were more effective against Gram-negative than
Gram-positive bacteria. Specifically, Ellipsoids had a MIC value of 1000
μg/mL, whereas both Rods and the CBS control groups had MIC values of
125 μg/mL for Sm. As for Ss, Rods and Ellipsoids exhibited minimum
inhibitory effects at 500 and 1000 μg/mL, respectively; while CBS did not
demonstrate any bacterial inhibition. It was noteworthy that Ellipsoids,



Fig. 3. (a) Effects of initial metal concentrations ([M]) and metal-to-ligand (M–L) ratios by using a size-controlled synthesis of Rods. The “oblong-like” sheets were
firmly stacked at lower M-L ratios and became the as-seen elongated rod-like structure with higher initial [M] (scale bar: 10 μm). (b) The combined bar charts of
calculated length, width and aspect ratios vs. different [M] of the Rods synthesized from various M-L ratios.

Fig. 4. Material stability of Ellipsoids and Rods in different solutions and culture media (DI H2O, PBS, TSB and BHI) for up to 7 days (scale bar: 10 μm). Both bismuth
materials could maintain their integrity in the abovementioned solutions/media except in PBS. The white arrowheads indicate the formation of bubbles adhering to
the surface of the particles.
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Fig. 5. CCK-8 and LDH assays for evaluating (a) the cell viability of Ellipsoids, Rods and CBS and their (b) cytotoxicity in human gingival fibroblast cell line (HGF-1),
respectively. The histograms and line are presented as mean � SD. For the cytotoxicity of the bismuth-based particles in HGF-1, both Ellipsoids and Rods together with
CBS did not exhibit detectable toxicity.

Table 1
Minimum inhibitory concentrations (MICs; μg/mL) and minimum bactericidal
concentrations (MBCs; μg/mL) of Ellipsoids, Rods and CBS against the eight
bacteria tested.

Species Ellipsoid Rod CBS

Minimum inhibitory concentrations (MICs; μg/mL)
Gram (þ) bacteria
E. faecalis >1000 >1000 >1000
MRSA >1000 >1000 >1000
S. mutans 1000 125 125
S. sorbrinus 1000 500 >1000

Gram (�) bacteria
A. actinomycetemcomitans 7.8–31.3 7.8–31.3 31.3
F. nucleatum <2.0 <2.0 <2.0
P. gingivalis 7.8 7.8 7.8
P. aeruginosa >1000 >1000 >1000

Minimum bactericidal concentrations (MBCs; μg/mL)
Gram (þ) bacteria
E. faecalis >1000 >1000 >1000
MRSA >1000 >1000 >1000
S. mutans >1000 >1000 >1000
S. sorbrinus >1000 >1000 >1000

Gram (�) bacteria
A. actinomycetemcomitans 31.3 31.3 31.3
F. nucleatum 7.8 3.9 3.9
P. gingivalis 62.5 31.3–62.5 31.3
P. aeruginosa >1000 >1000 >1000
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Rods and CBS exhibited promising antimicrobial properties against
planktonic Gram-negative bacteria Aa, Pg and Fn except Pa. In a related
manner, Rods synthesized with different [M] and M-L ratios showed no
differences in their antimicrobial activities on the three perio-
dontopathogens tested (Table S2), suggesting that all types of Rods
shared the same crystalline structure of CAU-17 regardless of the number
of Bi ions doped into the MOF skeleton. The Rods synthesized with [M] at
5 mM and M-L of 1:10 were therefore selected to represent all sizes of
CAU-17 MOFs for the subsequent bactericidal assays, on the basis of their
high Bi% conversion and the samemetal concentration/M-L ratio used by
the Ellipsoids. Their MBCs were subsequently spotted on blood agar plate
upon MIC determination, and the results were tabulated and presented in
Table 1 & Fig. 6a. The MBC findings demonstrate similar MIC results.
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Notably, the three periodontopathogens (Aa, Fn and Pg) [72] completely
lost viability at 31.3 μg/mL. Representative Gram-staining optical mi-
croscopy and SEM images (Fig. 6b) further showed the effects of bismuth
treatments on Aa, Fn and Pg. Some bacterial cells treated by the
as-synthesized particles underwent subtle morphological changes.
Importantly, the fragmented bacterial cells attached to the Rods could
not maintain their structural integrity.

Collectively, Ellipsoids, Rods and CBS demonstrated potent antimi-
crobial/bactericidal effects, particularly on Gram-negative perio-
dontopathogens. These bacteria could consume Bi3þ and subsequently
facilitate the degradation of particles. Although the antimicrobial activ-
ities of the metallic particles were heavily dependent on the type of
doped metals, the peptidoglycan-composed outer layer of Gram-positive
bacteria could impede the crossing of the metal ions (e.g., lead, silver and
copper), leading to the resistance to the metals [73]. Therefore, amoxi-
cillin (AMX), a broad-spectrum β-lactam antibiotic for inhibiting the
biosynthesis of the peptidoglycan-composed bacterial cell walls [74],
was selected to perform a combined treatment with the bismuth particles
against Ss, Sm, Ef and MRSA using the checkerboard assay. As demon-
strated in Fig. 7a and b, the fractional inhibitory concentration (FIC)
indices with values from 0.5 to 1.0 indicated an addictive effect on
suppressing Ss, Sm and MRSA, suggesting that the bismuth ions may
affect the Gram-positive bacteria following the AMX treatment. Never-
theless, this finding was more apparent in Ss and Sm, implying that the
antimicrobial sensitivity could be species-dependent, and more compli-
cated mechanisms might be involved in the bismuth particles-antibiotic
combined treatment.

Furthermore, bismuth ions released from the particles might be able
to transport through the cell membrane, leading to the destruction of
Gram-negative bacterial cells [73,75,76]. Surprisingly, despite promising
results were found in the abovementioned bacteria, bismuth treatments
did not exhibit potent antimicrobial effects against Pa even at the
planktonic mode. Yet, it was observed that this cystic fibrosis-causing Pa
secreted less viscous polysaccharide slime than the growth control group
after the treatment with Bi-based particles for 1 d, corresponding to
previous bismuth dimercaprol (BisBAL) findings [77]. The potential
addictive effects of Bi particles and antibiotics (penicillin, PEN) could be
observed in the checkerboard assay. It is worth mentioning that bismuth



Fig. 6. (a) General MBC layout with different treatment concentrations (μg/mL) and treatment control group with representative images of Gram-staining microscope
(scale bar: 20 μm) and MBC agar plates. (b) Representative Gram-staining optical microscopy (scale bar: 20 μm) and SEM (scale bar: 2 μm) images showing the
interaction profiles of Ellipsoids, Rods and CBS against Aa, Fn and Pg with blue arrowheads indicating the particles. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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as an adjuvant may to some extent restore the activities of PEN (Fig. S6).
Similar observations could also be found in the Gram-negative bacteria
Klebsiella pneumoniae. According to Domenico et al., the capsular poly-
saccharide (CPS) of K. pneumoniae could provide a shielding effect and
protect the bacteria from the host defense system. The bismuth com-
pounds could inhibit the CPS expression and simultaneously enhance its
potential to promote phagocytosis and antibody reactivity of lipopoly-
saccharide [78].

Apart from Pa, Bi particles showed similar inhibitory effects on both
Aa and Pg, while Fn had significantly lower MIC values than other
selected strains and exhibited higher sensitivity towards Ellipsoids, Rods
and CBS compared to other bismuth materials such as bismuth subsa-
licylate nanoparticles (BSS-nano; 60% inhibition at 15.4–21.7 μg/mL)
[79]. A 12-well plate with inserts was employed to investigate whether
the bismuth ions released from the as-constructed particles participate in
the bacteria-killing process. As illustrated in Fig. 8a, the bismuth particles
(1 mg/mL) were first added either to the upper (filtered) or lower (not
10
filtered) compartment of the tissue culture insert with 0.4 μm pore size,
followed by the addition of Pg in the lower compartment and incubation
for 72 h. The clear aliquoted spots on the blood agar plate demonstrated
that the treatments in all filtered groups could effectively inhibit the
growth of Pg (Fig. 8b). Meanwhile, inductively coupled plasma optimal
emission spectrometry (ICP-OES) also confirmed that the solutions
collected from the lower compartment of the filtered groups (EFiltered &
RFiltered) contained a comparable amount of bismuth to the not-filtered
groups, suggesting the release of bismuth ions from the frameworks of
particles (Fig. 8c).

The antimicrobial potency towards these pathogens might be firstly
associated with the disruption of bacterial defense system-generated
compound hydrogen sulfide (H2S) and metabolism. Notably, it has
been confirmed that bismuth ions perturb the tricarboxylic acid (TCA)
cycle and urease activity, thereby leading to oxidative stress that ac-
counts for the suppression of H. pylori [80]. Meanwhile, early studies
have reported that the volatile sulfur small molecule could play a pivotal



Fig. 7. (a) FIC indices and (b) the checkerboard analysis of the combined effects of amoxicillin (AMX) with Ellipsoids and Rods on S. sorbrinus, S. mutans, E. faecalis
and MRSA.

Fig. 8. (a) Illustrated scheme of investigating whether the bismuth ions released from the constructed particles participate in the bacteria-killing process using a 12-
well plate with inserts. The solutions from the lower compartment were collected for (b) spotting on a blood agar plate and (c) ICP-OES analysis of the bismuth ions
released from the particles.
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role in the progression of oral diseases like periodontitis [81,82]. Indeed,
Pg and Fn are the two heavy H2S producers in human oral cavity [81].
Moreover, it has been considered that H2S is the keymolecule involved in
the bacteria persistence and resistance to antibiotics; and conceivably,
inhibiting H2S biogenesis could sensitize bacteria to antimicrobial
treatments [83–85]. In the present study, it could be speculated that the
Bi3þ released from the Bi particles may contribute to the clearance of the
11
bacteria-generated H2S via the redox reaction. Additionally, bismuth,
having a high affinity towards S-, N- and O-containing functional groups
(e.g., cysteine, histidine, aspartic acid and tyrosine) of proteins or pep-
tides in the biological systems [21,23], may disturb the iron-protein
binding and consequentially perturb its multiple metabolic pathways,
leading to ferric deprivation [16]. It is noteworthy that the metal ion
could inhibit iron-associated bacterial proteins, such as gingipains and
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hemagglutinin HagA of Pg, and subsequently affect the iron metabolic
activities [20,23]. However, additional proteomic investigations are
needed to further understand the underlying mechanisms of
bismuth-driven bactericidal effects.

3.6. Effects of Ellipsoids and Rods on the mono-species biofilms of Aa and
Pg

Biofilms, a unique microbial community that enormously grants
survival advantages to its inhabitants, crucially account for the onset and
development of various persistent infections and inflammatory diseases
in dysbiotic conditions [86–89]. Given the potent anti-
microbial/bactericidal activities exhibited in Aa and Pg, the two strains
were further selected for anti-biofilm analysis. Their optimal biofilm
growth conditions (mono-species Aa 2-day-old and Pg 3-day-old bio-
films) were established simultaneously in the preliminary study and used
for the subsequent biofilm assays. Here, Fn, one of the opportunistic
pathogens residing in the human oral cavity having close association
with colorectal cancer, was not chosen for the anti-biofilm assay due to
low biofilm-forming activity and its biofilm model is best built with other
oral bacteria in the multi-species model [90,91]. Further extended
studies are therefore needed to perform the anti-biofilm assays in
multi-species models.

As illustrated in Fig. 9a, the anti-adhesion and eradication effects of
the materials on the biofilms were examined. Briefly, in the anti-adhesion
experiments, Ellipsoids, Rods and CBS (500, 100, 50 and 10 μg/mL) were
incubated with the bacteria of interest at a density of 1.5 � 107 CFU/mL
for 2 (Aa) or 3 d (Pg). For eradication assays, the biofilms were grown to a
mature state (2 d for Aa and 3 d for Pg) before adding treatment groups
on the following day. After incubation for another 24 h, the biofilms were
tested with confocal microscopy imaging, crystal violet (CV) staining,
TTC tetrazolium salts colorimetry and colony-forming unit (CFU)
enumeration for evaluating the viability, biomass, metabolic activities
and bacterial cell viability, respectively [92].

Figs. S7 and 9b-e present the anti-biofilm results of Aa and Pg,
respectively. The confocal laser microscopy was first performed to
investigate the viability of the bismuth-treated biofilms in the anti-
adhesion and eradication experiments. The number of SYTO9-labeled
green fluorescent Aa cells declined significantly after the treatment
with all bismuth particles (at least 50 μg/mL) as compared to the growth
control group (Fig. S7a). A decreasing pattern of green fluorescent pixels
could be found as the treatment concentrations increased (Fig. S8).
Meanwhile, the same patterns could also be observed for the biofilm
eradication (Fig. S7b) with visible red fluorescence highlighting the PI-
labeled dead bacterial cells. Generally, as the treatment concentrations
increased, the green fluorescent bacterial cells became sparser with
increasing vivid red fluorescent bacterial cells.

Quantitative analyses further confirmed our observations. The CV
staining and TTC colorimetry of the Aa anti-adhesion study indicated that
the biomass and metabolic activities of all bismuth-treated biofilms had a
significant decrease (p < 0.05) of the absorbance values at 595 and 500
nm, respectively (Fig. S7c). The subsequent CFU enumeration showed
that the number of viable cells of the 2-day-old Aa biofilms at the anti-
adhesion assessment decreased by at least 100 times for all treatment
groups with reference to the control group at 500 μg/mL with a signifi-
cant difference for Ellipsoids (p < 0.05) and CBS (p< 0.01), respectively.
Surprisingly, all treatments exhibited relatively weak anti-biofilm activ-
ities for eradication of Aa biofilms (Fig. S7d). Although CV and TTC
measurements also showed a less dramatic decreasing trend of biomass
and metabolic activities as the concentration increased, the number of
countable colonies from the CFU values did not reveal any significant
differences.

The inhibition potency towards the growing biofilms of Aa suggests
that bismuth might interfere with the formation of Aa biofilms at the
early stage, thereby significantly reducing the number of adhered bac-
terial cells. However, when mature Aa biofilms were presented, the
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potency of bismuth ions was compromised, possibly due to the Bi3þ

binding to the negatively charged extracellular polysaccharides from the
biofilm matrix that greatly hindered the diffusion efficiency of the par-
ticles. This result suggests that bismuth treatments against Aa could
effectively eliminate the planktonic bacterial cells at the early stage of
biofilm attachment. Yet, complete eradication of the Aa mature biofilms
might require additional approaches, such as the addition of an antibiotic
or modification of penetrating peptides/polymers, to facilitate the
entering of bismuth into the interior of biofilms.

Referring to the anti-biofilm assays of Pg, the confocal images
revealed that the treatment of Bi particles demonstrated similar inhibi-
tory effects on its early biofilm formation (anti-adhesion) as well as the
mature ones (eradication), and these inhibitory effects were dramatically
enhanced along with the increased particle concentrations (Fig. 9b and c
and S9). Meanwhile, the presence of both Ellipsoids and Rods could be
observed at the treatment concentrations of both 500 and 100 μg/mL in
the biofilm eradication model (Fig. S10a). The fluorescence-highlighted
Rods, compared with Ellipsoids, displayed more vivid and filled green
pixels on the surface of the particles, which could be due to the encap-
sulation of SYTO9 in the porous structures.

For the assays against Pg biofilms, all the bismuth treatments with
concentrations over 10 μg/mL were able to decrease the number of
bacterial cells as compared to the control group, displaying fewer green
fluorescent dots overall. Likewise, the 10 μg/mL-treated Pg biofilms
revealed a slight morphological change by transforming some bacterial
cells from a round into an oval shape (Fig. S10b), suggesting the alter-
nation of the cellular morphology and structures [20]. It is also note-
worthy that the intensity of the red fluorescent PI was significantly lower
in the biofilm models of Pg compared to that of Aa, and similar findings
could be reflected in other reports [93,94]. Since the survival mechanism
of Pg is heavily dependent on its iron-acquiring ability [95], bismuth as
iron-binding inhibitors for multiple proteins may compete with iron and
simultaneously induce oxidative stress via generating free radicals [20].
These radicals may further damage the bacterial DNA and prevent the
binding of nucleic acid-staining dyes, SYTO9 and PI, thereby resulting in
weak fluorescent signals under confocal [96].

On the other hand, CV and TTC values revealed a more dramatic
decrease in both inhibition (Fig. 9d) and eradication (Fig. 9e) models of
Pg biofilms than Aa biofilms. Moreover, all treatment groups at various
concentrations showed significant differences (p < 0.05). In particular,
black sediments were found in the bismuth-treated Pg samples, and no or
little black sediment could be detected in the control or treatment groups
at the concentration of 10 μg/mL. Both CFU numbers for inhibition and
eradication assays of Pg biofilms exhibited complete elimination of bio-
films at 50 μg/mLwith no observable colonies forming. The above results
demonstrated that bismuth particles had promising antibacterial and
anti-biofilm effects on the selected Gram-negative oral pathogens.

4. Conclusions

In the present study, we have reported two facile approaches to
synthesizing bismuth particles (Ellipsoids and Rods) at micron-scale, and
the latter as rod-like bismuth MOFs have been proven to be aligned with
the crystalline structure of CAU-17. Notably, we are the first group to
demonstrate the crystallization of CAU-17 via a two-step process under a
stirring-free ambient condition. Remarkably, the bismuth-based particles
with low cytotoxicity in human gingival fibroblasts exhibited potent
antimicrobial effects on the representative Gram-negative oral pathogens
(A. actinomycetemcomitans and P. gingivalis) in both planktonic and bio-
film forms. Compared to CBS, the constructed Bi particles could function
as a reservoir of Bi ions for extending the antimicrobial duration. In view
of the porous structure and high surface area of MOFs, Rods may serve as
a promising multifunctional platform to accommodate small molecules
and achieve target delivery for tackling common inflammatory diseases
like periodontitis and systemic comorbidities. Importantly, our novel
findings may facilitate the precise synthesis of bismuth-based particles



Fig. 9. (a) Illustrative scheme of studying anti-biofilm activities (anti-adhesion and eradication) of Ellipsoids and Rods on Aa and Pg. Aa or Pg (1.5� 107 CFU/mL) was
either seeded into the 96-well plates with Ellipsoids, Rods or CBS at different concentrations (500, 100, 50 and 10 μg/mL) and incubated for 2 or 3 d, respectively
(anti-adhesion); or statically grown 2 or 3 d to mature state before adding the treatments and further incubated for 1 d (eradication). Confocal imaging, CV biomass
staining, TTC metabolism colorimetry and CFU viable cell enumeration were performed to comprehensively evaluate the anti-biofilm effects of Ellipsoids, Rods and
CBS. Representative confocal images of Pg biofilms treated with Ellipsoids, Rods or CBS at 50 μg/mL for evaluating the (b) anti-adhesion and (c) eradication effects on
biofilms (scale bar: 50 μm). Quantitative assays, including CV staining, TTC colorimetry and CFU enumeration, were also conducted to study the (d) anti-adhesion and
(e) eradication effects of the as-synthesized Bi particles. The histograms denote the results of three independent tests in duplicate (mean � SD). The significant
differences (p < 0.05 or p < 0.001) are marked with the asterisk and pound signs, respectively.
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and concurrently enrich the applications of the emerging metallic drugs.
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