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Modified aluminosilicates
display antibacterial activity
against nontuberculous
mycobacteria and adsorb
mycolactone and
Mycobacterium ulcerans in vitro

Roslyn Dermody1, Farizah Ali2, John Popovich3†,
Shaojiang Chen2†, Dong-Kyun Seo2 and Shelley E. Haydel1,3*

1School of Life Sciences, Arizona State University, Tempe, AZ, United States, 2School of Molecular
Sciences, Arizona State University, Tempe, AZ, United States, 3The Biodesign Institute Center for
Bioelectronics and Biosensors, Arizona State University, Tempe, AZ, United States
Mycobacterium ulcerans (MU) infection of skin and soft tissue leads to chronic

skin ulceration known as Buruli ulcer. MU releases a lipid-like toxin,

mycolactone, that diffuses into the tissue, effecting disease through localized

tissue necrosis and immunosuppression. Cutaneous Buruli ulcer wounds

slowly advance from a painless pre-ulcerative stage to an ulcerative lesion,

leading to disparities in the timing of medical intervention and treatment

outcomes. Novel Buruli ulcer wound management solutions could

complement and supplement systemically administered antimicrobials and

reduce time to healing. Capitalizing on nanopore structure, adsorption, and

exchange capacities, aluminosilicate nanozeolites (nZeos) and geopolymers

(GPs) were developed and investigated in the context of therapeutics for

mycobacterial disease ulcerative wound care. nZeos were ion exchanged

with copper or silver to assess the antimicrobial activity against MU and

Mycobacterium marinum, a rapid growing, genetic ancestor of MU that also

causes skin and soft tissue infections. Silver- and copper-exchanged nZeos

were bactericidal against MU, while only silver-exchanged nZeos killed M.

marinum. To mediate adsorption at a biological scale, GPs with different pore

sizes and altered surface modifications were generated and assessed for the

ability to adsorb MU and mycolactone. Macroporous GPs with and without

stearic acid modification equivalently adsorbed MU cells, while mesoporous

GPs with stearic acid adsorbed mycolactone toxin significantly better than

mesoporous GPs or GPs modified with phenyltriethoxysilane (PTES). In

cytotoxicity assays, Cu-nZeos lacked toxicity against Detroit 551, U-937, and

WM-115 cells. GPs demonstrated limited cytotoxicity in Detroit 551 and WM-

115, but produced time-dependent toxicity in U-937 cells. With their large

surface area and adsorptive capacities, aluminosilicates nZeos and GPs may be

modified and developed to support conventional BU wound care. Topical

application of nZeos and GPs could kill MU within the cutaneous wound
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environment and physically remove MU and mycolactone with wound

dressing changes, thereby improving wound healing and overall

patient outcomes.
KEYWORDS

mycobacteria,Mycobacterium ulcerans,Mycobacterium marinum, aluminosilicates,
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GRAPHICAL ABSTRACT
Introduction

Buruli ulcer is a painless, progressive skin and soft tissue

infection (SSTI) caused by Mycobacterium ulcerans (MU) (1).

Cases of this neglected tropical disease are observed in equatorial

countries, wherein disease occurrence is associated with

proximity to wetlands and bodies of water (2, 3). Infection

manifests as a diminutive nodule, wherein the lengthy MU

replicative cycle yields protracted ulceration (3, 4). MU

accumulates in the subcutaneous extracellular space (5) and

secretes the polyketide toxin mycolactone (6, 7), generating

cytopathic analgesia (8). The resulting painlessness prompts

benign negligence of the wound, condoning bacterial

penetration of underlying tissue (9). As in the case of latent

Mycobacterium tuberculosis, deferred treatment of Buruli ulcer

compromises therapeutic efforts (10, 11).

A fully oral regimen of rifampicin and clarithromycin by

the World Health Organization has greatly advanced
02
treatment of Buruli ulcer (12). However, success of this

regimen is confined to early cases of the disease (13, 14).

Despite indications of antibiotic susceptibility in vitro,

parenteral antibiotic therapies must account for penetration

of the infection site (12). Localized treatment, as utilized in

the care of other SSTIs, supports greater therapeutic access to

the wound (15). Evidence of the antimicrobial activity of clay

materials against MU (16) has garnered interest as an

alternative to conventional small molecule compounds (1,

17). Aluminosilicate materials, a group of modulated clay

derivatives, provide a versatile framework for topical

therapeutic delivery (18).

Our research team created two synthetic, customized

aluminosilicates – nanozeolites (nZeos) and geopolymers

(GPs) – to mimic clay’s predominant antimicrobial features:

ion content (19) and adsorption (20), respectively (21–23), and

to ensure consistency, safety, and efficacy of developed products

for treating SSTIs (24). Ion-exchanged nanozeolites (IE-nZeos)
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and GPs strategically exploit ion release and adsorptive

capacities for leveraging topical therapeutic applications with

site-directed antimicrobial delivery and bacterial and toxin

adsorption, respectively, as we previously demonstrated (21–

23). Metal ions with previously reported antimicrobial

properties, such as copper and silver (16, 25), can be

interchangeably attached to the extensive nZeos surface,

enabling subsequent ion exchange with water or moisture and

dispersion of metal ions from the scaffold into the environment

(22, 23, 26).

Mycobacterium marinum (Mmar), the closest genetic

relative of MU and a fast-growing nontuberculous

mycobacterium SSTI pathogen (27–30), causes non-ulcerative

granulomatous skin lesions that are often linked with fish

aquaria (31) or fishing-related injuries (32). As a close relative

of both MU and Mycobacterium tuberculosis (33), Mmar

provides context to decades of research focused on ion-

dependent antimicrobial activity against mycobacteria (25, 34,

35). Silver nanoparticles exhibit antimicrobial activity against

Mmar (35), whereas silver enriched dressings (36, 37) and

copper-rich clay materials (16) kill MU. Jointly, these findings

suggest the pertinence of IE-nZeos as intermediates for

mycobacterial wound care.

Geopolymers (GPs), amorphous counterparts to zeolites, are

aluminosilicate materials that can be customized to control

porosity, physicochemical properties, and functionality (18, 38,

39). The porous structure of these compounds adsorbs heavy

metals and industrial manufacturing waste (18). In a biomedical

context, we recently demonstrated that porous GPs adsorb

whole bacterial cells, toxins, and other secreted products (21,

22). Given that Buruli ulcer pathology is largely ascribable to

mycolactone secretion and activity (6, 40), sequestration of

either (a) mycolactone alone or (b) whole MU cells is expected

to vastly improve disease prognosis (41). GPs have significant

technological potential due to ease and low cost of production

(38), making GPs exceptional candidates for use in endemic MU

areas with minimal healthcare infrastructure (3). With high

mechanical and chemical stabilities, GPs can be functionalized

by coating the surface with operative agents and/or moieties that

impart specific physicochemical properties (42).

To assess the antimicrobial activity of nZeos against SSTI-

associated mycobacteria, we investigated in vitro antimicrobial

activity of copper and silver nZeos against MU and Mmar (43).

Based on pore size capacities and our previous GP adsorption

studies with bacterial cells and toxins (21), macroGPs were tested

for the adsorption of MU cells and mesoGPs were assessed for

mycolactone adsorption. To impart GPs with heightened

hydrophobicity, the surface of GP materials was modified with

stearic acid (saturated fatty acid) or phenyltriethoxysilane (PTES) (a

silane coupling agent with hydrophobic characteristics). These steric

acid-coated GPs (SA-GPs) or PTES-coated GPs (PTES-GPs) were
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predicted to display greater lipophilic or hydrophobic behavior than

their uncoated counterparts (44). As a result, we expected that these

surface-modified GPs would bind apolar mycolactone (45) and

lipid-rich MU (46) with increased affinities.
Materials and methods

Synthesis and characterization of
Ag-nZeos and Cu-nZeos

The synthesis and characterization of Ag-nZeos and Cu-

nZeos were reported previously (22, 23). In short, nZeos were

prepared by heating a Na-based geopolymer resin with the

nominal composition of 3.0Na2O: 1.0Al2O3: 4.0SiO2: 32.4H2O,

which was mixed homogeneously with canola oil. The

precursors for the geopolymer resin were NaOH pellets (Sigma

Aldrich), water glass (Sigma Aldrich), metakaolin (MetaMax®

from BASF), and deionized (DI) water. The oil reduces the

alkalinity of the reaction mixture during heating, thereby

improving the zeolitic crystallinity of the final product. The

zeolite product was washed repetitively with DI water until the

pH of the filtrate reached about 8. Ag-nZeos and Cu-nZeos were

prepared by exchanging Na+ ions in nZeos with Ag+ and Cu2+

ions, respectively. To exclude the nZeos as a source of

antimicrobial activity, nZeo carriers were enriched with

sodium (Na-nZeos) (22). For characterization of chemical

structures and morphologies, powder X-ray diffraction

(PXRD) patterns, scanning electron microscopy (SEM) images,

and transmission electron microscopy (TEM) of dried samples

were collected on Siemens D5000 powder X-ray diffractometer,

XL30 environmental FEG microscope and Titan 80-300 FEG-

TEM (FEI Co., Hillsboro, OR), respectively.

Brunauer-Emmett-Teller (BET) surface areas were

estimated with a Micrometrics ASAP 2020 volumetric

adsorption analyzer with nitrogen as the adsorbate at 77 K.

Prior to the analysis, samples (approximately 300 mg) were

degassed at 300°C for at least 6 h under a vacuum until a residual

pressure of ≤10 mm Hg was reached. Specific surface areas were

determined from the BET equation. The t-plot method was used

to distinguish the contributions from micropores (pore size: < 2

nm) and from the mesopores (pore size: from 2 nm to 50 nm) to

the pore volume (the combined volume of micropores and

mesopores) and surface area. The mesopore volumes were

calculated after subtracting the micropore volume from the

total pore volume. Pore size distributions were obtained using

the Barrett-Joyner-Halenda (BJH) method assuming a

cylindrical pore model from the desorption branch of sorption

isotherms (47). Elemental compositions of the zeolite samples

were determined by combining Rutherford backscattering and

particle induced X-ray emission data. The hydrodynamic
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particle size of the nZeos sample was measured on Malvern

Nano-ZS instrument with a helium neon laser.
Synthesis and characterization of
macroporous and mesoporous GPs

The synthesis and characterization of macroporous and

mesoporous GPs were reported previously (21). For macroporous

GPs, the synthetic process resembles nZeos preparation. Fumed

silica (4.15 g) (Cabot, CA-BO-SIL® EH-5; aggregate particle size: 0.2

– 0.3 µm; primary size: 5 -25 nm) was added to 12.0 mL of KOH

(11.6 M) solution and mechanically mixed (IKA® RW 60 digital

mixer) at 800 rpm for 30 min to dissolve the silica. Metakaolin

[7.64 g (Metamax, BASF; average particle size: 1.3 µm)] was added

to the solution and the mixture was stirred again at the same speed

for 40 min to form a homogenous fluidic liquid. Paraffin oil (Alfa

Aesar, Haverhill, MA) was then added to the resin at a 1:1 oil-to-

water volume ratio and stirred under the same mixing condition for

15 min, resulting in a homogeneous, viscous emulsion. After

heating at 60°C for 24 h, the cured monolithic product was

crushed into small pieces (1 – 2 mm) and subjected to Soxhlet

extraction with hexane as the solvent. The product was washed

extensively with DI water until a neutral pH was achieved (pH ~7)

and dried in a lab oven overnight at 90°C.

For mesoporous GPs, an aluminosilicate precursor mixture

with a composition of 3.1K2O: Al2O3: 5.5SiO2: 66H2O was

prepared by first adding 6.05 g of KOH pellets and 18.03 g of

potassium silicate solution (PQ corporation, H2O: 60.8 wt%,

K2O: 12.65 wt%, SiO2: 26.55 wt%) in 14.55 mL of DI water in a

cold bath. Once the KOH pellets were dissolved, the solution was

brought to room temperature and mixed with 5.09 g of the

metakaolin. Stirring with the mechanical mixer at 800 rpm for

40 min produced a visually homogeneous and free-flowing

geopolymer resin. The resin was transformed into a paste by

heating the resin at 90°C for 6 h in a sealed 50 ml polypropylene

tube. To isolate the solid component, the paste was subjected to

repetitive washings with DI water, followed by centrifugation at

6000 rpm (g-force: ~2500 m/s2) for 15 min, until the supernatant

was pH ~8. After drying at 90°C overnight, the resulting powder

product was stored in sealed glass vials at room temperature.

The chemical structures and morphological features of all

the samples were examined by collecting PXRD patterns and

SEM/TEM images. Brunauer-Emmett-Teller (BET) surface area

analysis was performed using a Micrometrics ASAP 2020

volumetric adsorption analyzer with nitrogen as the adsorbate

at 77 K. The t-plot method was used to distinguish the

micropores from the mesopores in the samples and to

calculate the external surface areas. By subtracting the

micropore volume from the total pore volume, mesopore

volumes were calculated. Mesopore size distributions were

obtained using the Barrett-Joyner-Halenda (BJH) method
Frontiers in Tropical Diseases 04
assuming a cylindrical pore model and calculating the distance

between opposite walls of the pore (47).
GP surface modifications to enhance
hydrophobicity

As previously described (21), surface modification of the GP

products with stearic acid was carried out by an esterification

reaction between silanol groups on the surfaces of geopolymers.

Stearic acid (0.2 g) was dissolved in 25 mL of 0.6 M NaOH

solution in a 90°C water bath. After adding 1.0 g of macroGP or

mesoGP to the hot solution, the mixture was magnetically stirred

for 10 min at 90°C and slowly cooled to room temperature while

agitating. Precipitate products were filtered and washed

extensively with DI water to reduce the pH to ~8.0. The

products were dried in a lab oven at 60°C overnight and then

placed in another oven at 160°C for 4 h to induce crosslinking of

carboxylic acid groups to the surface of the geopolymer. Finally,

the dried products were washed with hot toluene multiple times

to remove unbound stearic acid and then dried again at 60°C

overnight. After producing stearic acid-modified macroGPs

(SA-macroGPs) and stearic acid-modified mesoGPs (SA-

mesoGPs), Fourier transform infrared (FT-IR) spectra were

recorded using a Bruker IFS66 V/S attenuated total reflection

FT-IR spectrometer. Carbon–hydrogen–nitrogen (CHN)

elemental analyses were performed by employing Perkin-

Elmer 2400 Series II CHNS/O Analyzer (Waltham, MA) with

a thermal conductivity detector.

Phenyltriethoxysilane (PTES)-GPs were prepared with PTES as

a surface modifier and motor oil as a pore-forming agent with a 1:1

oil: resin volume ratio. First, 0.96 g of DI water, 0.74 g of NaOH,

12.23 g of water glass (Sigma-Aldrich; SiO2 27 wt %, NaOH 14 wt

%, H2O 59 wt %), and 1.01 g of PTES (Gelest, Inc., Morrisville, PA)

were mixed and stirred with a high-shear mixer at 500 RPM for

10 min. To the mixture solution, 6.17 g of metakaolin was added

and stirred at 100 RPM for 30 min. The resulting GP resin was then

mixed with 10 mL of motor oil and the liquid mixture was stirred at

800 RPM for 30 min until becoming homogeneous, after which the

mixture was heated at 70°C for 24 h in a tightly sealed container.

After heating, the resulting hardmonolithic solid was crushed into a

coarse powder and washed with hexane and then ethanol

repetitively to remove the oil from the sample, yielding the PTES-

GP sample.
Mycobacterial strains and growth
conditions

Cultures of Mmar ATCC 927 and MU 1615 (graciously

provided by Dr. Pamela Small, University of Tennessee,

Knoxville, TN, USA) were grown in Middlebrook 7H9
frontiersin.org
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supplemented with 0.2% glycerol, 0.05% Tween 80, and 10%

oleic acid-dextrose-catalase (OADC), hereafter referred to as

M7H9. All liquid cultures were maintained at 30°C with gentle

rotation. To produce homogenous bacterial suspensions, clumps

were dispersed with 23-gauge needles. Samples were adjusted to

an OD600 of ~0.3 (~2 x 10
7 cells/ml), then diluted 1:100 prior to

experimental use. Middlebrook 7H10 agar plates, designated

M7H10, were supplemented with 0.5% glycerol and 10% OADC.

To maintain a microaerophilic environment and prevent

desiccation, M7H10 plates were sealed and incubated at 30°C.

Mmar and MU colony forming units (CFU) were counted after

incubation for 1 week or 6 weeks, respectively.
In vitro Mmar IE-nZeos susceptibility
testing

A five-day M7H9 broth microdilution susceptibility assay

determined sensitivity to metal ions released by IE-nZeos (48).

The antimicrobial activity of streptomycin (STR) (4, 8 µg/ml)

was analyzed in parallel (48). At 24 h intervals, all experimental

wells were sampled. Samples were subsequently diluted and

plated on M7H10 and incubated at 30°C for one week. The

minimum bactericidal concentration required to reduce the

bacterial population by 99% (MBC99) was determined with

resultant CFU counts.
In vitro MU IE-nZeos susceptibility
testing

To assess the susceptibility of MU to IE-nZeos, two-fold

serial dilutions of IE-nZeos (4-128 mg/ml) were incubated with

MU for 21 d in M7H9 (48). STR (4 µg/ml) was used as a control

for in vitro antimicrobial activity. Aliquots were collected at one-

week intervals, serially diluted ten-fold in PBS-Tween 80 (0.1%

v/v, pH 7), and plated on M7H10 agar. Pursuant to a six-week

incubation at 30°C, MBC99 was quantified.
In vitro cytotoxicity assays

Representative skin, soft tissue, and immune cells were used to

assess the cytotoxicity of Cu-nZeos and GPs, as previously

demonstrated with Ag-nZeos (23) Detroit 551 human skin

fibroblasts (ATCC CCL-110), WM-115 human skin epithelial

cells (ATCC CRL-1675), and U-937 human monocytes (ATCC

CRL-1593.2) were propagated according to manufacturer

instructions. In 96-well microtiter plates, each cell type was

seeded at a density of 3-6 x 103 cells per well. Following an

overnight attachment period, cells were exposed to two-fold

dilutions of Cu-nZeos (128−8 µg/ml) or GPs (10 mg/ml) in 180
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µL. Untreated cells served as controls for all independent

experimental replicates. After a 24-hour incubation, supernatant

was transferred to a black-walled, clear bottom, 96-well microtiter

plate, and CellTox Green cytotoxicity reagent (Promega

Corporation, Madison, WI) was added to experimental and

control wells. Excitation and emission fluorescence was

measured in relative fluorescent units (RFUs) with wavelengths

of 485 nm and 520 nm, respectively. Cytotoxicity was determined

by comparing RFU measurements of control, untreated cells and

Cu-nZeo- and GP-treated cells (23).
MU bacterial cell adsorption assays

MacroGPs or SA-macroGPs (10 mg) were added to MU

saline suspensions (1 ml). MU-GP mixtures were incubated for

1 h at 30°C with gentle orbital agitation (100 rpm) to prevent

sedimentation. MU saline suspensions without the addition of

macroGPs were included as untreated controls. To remove GPs

and GP-bound MU from solution, all samples (including MU

untreated controls), were filtered using a sterile 5-mm cellulose

syringe filter. Filtered supernatants containing unbound MU

cells were subjected to serial dilutions in PBS-Tween 80 (0.1% v/

v) and plated in duplicate on M7H10 agar. After the M7H10

plates were incubated at 30°C for 6 weeks, CFU/ml for each MU-

GP co-incubation was determined.
Mycolactone extraction

TLC isolation of mycolactone was performed as previously

described from four- to six-week-old MU cultures incubated on

M7H10 agar (7, 49). A 2:1 (v/v) chloroform: methanol mixture

extracted total lipids from whole cells. The chloroform-soluble

fraction was dried and resuspended in ice-chilled acetone.

Acetone-soluble lipids were separated on a TLC plate in a

solution of 90:10:1 (v/v/v) chloroform: methanol: water. Upon

exposure to long wave UV light (365 nm), the yellow band

observed at Rf = 0.23 was collected and solubilized in absolute

ethanol. Following silica removal with a 0.2 µm PTFE filter,

mycolactone was isolated via HPLC (50).
Mycolactone toxin adsorption assays

Purified mycolactone (two independent isolates) was

adjusted to an OD362 of 0.5 in 100% ethanol (51). MesoGPs,

SA-mesoGPs, or PTES-GPs (10 mg) were added to mycolactone

suspensions (~25 mg per 1 ml). Untreated mycolactone

solut ions were analyzed in para l le l . To minimize

photodegradation (51) and evaporation of the mycolactone

suspension, samples were incubated in amber vials for 1 h at
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room temperature. Thereafter, samples were briefly centrifuged

(100 RPM) to sediment GP particles. To determine the level of

remaining mycolactone, we analyzed the absorbance (Lmax =

362 nm) of each sample in a quartz cuvette (Hellma, Müllheim,

Germany). GP-treated, 100% ethanol-only samples were

measured to detract background signal. The final mycolactone

concentration was subtracted from the starting concentration to

determine the amount adsorbed by GPs.
Statistical analyses

We assessed statistical significance using Welsh’s t-tests for

normally distributed data, Mann-Whitney U tests for data

reflecting non-normal distributions, and ANOVA with Brown-

Forsythe test andWelsh’s correction. All statistical analyses were

conducted using GraphPad Prism 9 software (San Diego, CA,

United States). Samples with a difference of p < 0.05 were

regarded significant.
Results

Characteristics and properties of
modified aluminosilicate nZeo materials

Synthesis and detailed characteristics of nZeos, Ag-nZeos, Cu-

nZeos, macroGPs, mesoGPs, and SA-mesoGPs were described

previously (21–23, 26). In summary, nZeos, Ag-nZeos, and Cu-

nZeos are 100 to 700 nm-sized aggregates composed of intergrown

zeolite nanocrystals with lateral dimensions of 20 – 40 nm. Textual

pores between the aggregated nanocrystals revealed a hierarchical

pore structure with both zeolitic micropores and mesopores to the

aggregates. Their PXRD patterns indicated formation of faujasite-

type structures. From the elemental analysis, the silver and copper

loadings for Ag-nZeos and Cu-nZeos were estimated to be 24 and

8.3 wt% (2.2 and 1.3 mmol/g), respectively (23, 26).
Characteristics and properties of
modified aluminosilicate GP materials

The PXRD patterns of macroGPs and mesoGPs (21) showed

that both are non-crystalline geopolymeric materials (52). After

modification with SA, the PXRD patterns of SA-macroGPs and

SA-mesoGPs resembled their parent materials, indicating that

geopolymer structure was not affected by the surface

modification experiments. The macroGPs exhibited discrete

spherical pores with pore diameters in the range of 50 – 200

mm, with additional smaller pores ranging from 200 – 500 nm on

the pore walls (21). The smaller pores are due to the nanoscopic

biphase formation between the inorganic geopolymer
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component and the organic paraffin oil component. The much

larger spherical pores coexist after the biphase formation due to

excess paraffin oil remaining in the mixture as large oil droplets.

After curing the GP component, oil extraction leaves the two

types of pore structures in the product. As expected, the SA-

macroGPs and SA-mesoGPs exhibit the same morphology as the

parent macroGPs and mesoGPs, respectively, indicating that

surface modification does not change the morphology of the

inorganic geopolymer (21). Meanwhile, the mesoGPs form

aggregates composed of strongly interconnected primary

nanoparticles of 20 – 30 nm in diameter with apparent

textural porosity (21). BJH analyses revealed that the average

pore size of mesoGPs was 31 nm due to the presence of textural

porosity observed in the TEM studies (23). Meanwhile,

macroGPs exhibit large pore sizes in the range of 50 – 200 mm
and 200 – 500 nm with a small number of mesopores with an

average pore size of 26 nm (21).

Characterization of the PTES-GPs using SEM imaging and

N2 gas sorption studies revealed both spherical macropores

and mesopores walls (Figure 1), indicating similarity with

macroGPs (21, 26). SEM imaging revealed PTES-GPs with

seemingly discrete spherical pores with pore diameters in the

range of in the 2 – 50 mm (Figures 1A, B). From N2 gas sorption

analysis (Figure 1C), the total surface area was 44.1 m2/g, while

the BJH analysis revealed a 12 nm of average pore size and

estimated 0.13 cm3/g of mesopore volume (Figure 1D).

Colorimetric titration with methylene blue indicated that

only 0.7% of the total surface area could absorb the cationic

dye molecules, proving a strong hydrophobic surface for PTES-

GPs (data not shown).
In vitro nZeos activity against Mmar is
ion specific

Since Mmar is susceptible to silver nanoparticles [Ag+

equivalency of 1 mg/ml (35)], we subjected Mmar to in vitro

antimicrobial susceptibility assays with Ag-nZeos. At the 5-

day experimental endpoint, 64 mg/ml Ag-nZeos (Ag+

equivalency of 15.36 mg/ml (23); Table 1) reduced Mmar

≥100 fold, indicating MBC99 bactericidal activity similar to

the streptomycin antibiotic controls (Figure 2A). In the

presence of Ag-nZeos (32-256 mg/ml), Mmar viability

decreased from 0 to 3 days with CFU levels subsequently

remaining static through day 5 (Figure 2A). Conversely, Cu-

nZeos (4-128 mg/ml) did not affect Mmar viability

(Figure 2B). All tested concentrations of Na-nZeos (16-128

mg/ml) grew synchronously with the Mmar growth control

(Figure 2C), indicating the innocuous nature of nZeos

carriers. Cumulatively, these results indicate that silver

released from Ag-nZeos is responsible for the Mmar

antimicrobial activity observed.
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TABLE 1 nZeos antimycobacterial activity and ion equivalency.

nZeos Mmar MBC99

(mg/ml)
Mmar MBC99

Ion equivalence
(mg/ml)

MU MBC99

(mg/ml)
MU MBC99

Ion equivalence
(mg/ml)

Ag-nZeos 64 15.36 Ag+ 16 3.84 Ag+

Cu-nZeos N/A N/A 32 2.69 Cu2+
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FIGURE 1

(A) Low-magnification and (B) high-magnification SEM images of PTES-GPs. Scale bar = 50 mm (A), 10 mm (B). (C) N2 gas sorption isotherm and
(D) BJH pore size distribution of PTES-GPs.
A B C

FIGURE 2

IE-nZeos antimicrobial activity against Mmar is ion specific. Mmar was exposed to two-fold dilutions of (A) Ag-nZeos (256 – 32 mg/ml), (B) Cu-
nZeos (128 – 4 mg/ml), (C) Na-nZeos (128 – 4 mg/ml), and (A, B, C) STR (8 – 4 mg/ml) for 5 d. Viability was assessed by plating samples at 1 d
intervals. Each point represents the triplicate sample mean (SD). The assay limit of detection is demarcated by the hatched line at 200 CFU/ml.
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Antimicrobial activity of nZeos
against MU

Having demonstrated ion specificity and the ability of Ag-

nZeos to kill Mmar, we sought to examine the relative ion

species-specific antimicrobial activity of nZeos against MU.

Similar to STR, ≥4 mg/ml Ag-nZeos (Ag+ equivalency of 0.96

mg/ml (23); Table 1) reduced MU to the limit of detection,

revealing the MBC99 by the 10 d time point (Figure 3A). Cu-

nZeos enacted antimicrobial activity in a protracted manner,

whereby 32 mg/ml Cu-nZeos (Cu2+ equivalency of 2.69 mg/ml

(22); Table 1) was observed as the MBC99 at 14 d (Figure 3B).

MU co-incubated with Na-nZeos (4-128 mg/ml) demonstrated

no significant difference (p > 0.05) from the untreated control
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(Figure 3B), corroborating the innocuous character of nZeo

carriers. The concentration- and time-dependent antimicrobial

activity of Ag- and Cu-nZeos against MU reflects ion-specific

mechanisms of action. IE-nZeos indicate proximity-based

bactericidal activity which reflects the potential of

aluminosilicates as topical therapeutic agents.
Cytotoxicity assessment of Cu-nZeos

We previously determined that nZeo carriers lack toxicity

against eukaryotic cells (23). Furthermore, Chen et al. (23)

demonstrated an Ag-nZeos LC50 of 64 mg/ml against Detroit

551 and WM-115 cells, whereas U-937 cell viability was not
A B C

FIGURE 3

Ag-nZeos and Cu-nZeos kill MU. MU 1615 was exposed to two-fold dilutions of (A) Ag-nZeos (32 – 4 mg/ml), (B) Cu-nZeos (128 – 8 mg/ml),
(C) Na-nZeos (128 – 4 mg/ml), and (A, B, C) streptomycin (STR; 4 mg/ml) with CFU viability assessed at 3, 10, 14 and 21 d. Each point represents
the triplicate sample mean (SD). The assay limit of detection is demarcated by the hatched line at 200 CFU/ml. *32 mg/ml, †16 mg/ml; ^8 mg/ml
with p < 0.05; Ag- and Cu-nZeos were compared to corresponding concentrations of Na-nZeos.
FIGURE 4

Cu-nZeos lack mammalian cell cytotoxicity. Detroit 551, U-937, and WM-115 mammalian cells were exposed to Cu-nZeos (8 – 128 mg/ml) for
24 h, followed by cell viability measurements, as outlined in materials and methods. Data are represented as the relative fold change in
excitation/emission fluorescence values between Cu-nZeo experimental samples and untreated cells. Values for individual replicates are flanked
by floating box plots, wherein the mean of each experimental group is represented as a line. The dotted line represents the normalized value for
untreated cells and the fold-change threshold for Cu-nZeo experimental replicates.
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affected by Ag-nZeos at any tested concentration (2 - 128 mg/
ml). To establish the potential host toxicity, Cu-nZeos-

associated mammalian cell lysis was measured in the same

three eukaryotic cells: Detroit 551 human skin fibroblasts, U-

937 human monocytes, and WM-115 dermal epithelial cells.

Compared to untreated cells, Cu-nZeos lacked cytotoxicity

against Detroit 551, WM-115, and U-937 cells at or above the

biologically relevant concentration (32 mg/ml) that killed MU

(Figures 4, 3B). These results indicate that nZeos effect

differential toxicity in bacterial and mammalian cells.
MacroGPs and SA-macroGPs sequester
MU cells in suspension

Since macroGPs and SA-macroGPs adsorb MRSA (21), we

sought to determine if these GPs could physically adsorb and

remove MU cells in suspension. MU bacterial suspensions were
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incubated with macroGPs or SA-macroGPs for 1 h, and

nonadherent MU cells were quantified. A single application

of macroGPs or SA-macroGPs (10 mg/ml) adsorbed ≥95% of

MU cells (Figure 5A). Surface-modification with SA, a

saturated fatty acid, to heighten hydrophobicity did not

enhance binding to lipid-rich MU (Figure 5A). Nevertheless,

these findings further support the role of macroGPs as

immuring and adsorptive agents of bacteria that cause

cutaneous infections.
SA-mesoGPs effectively bind
mycolactone

Throughout the course of infection, MU secretes the

polyketide toxin mycolactone. Much of the pathology

observed in Buruli ulcer has been ascribed to the broad range

of mycolactone cytotoxicity, suggesting that toxin removal
A B

FIGURE 5

Geopolymers adsorb MU bacteria and mycolactone toxin. (A) MU 1615 cells were incubated with macroGPs (10 mg/ml) or SA-macroGPs (10
mg/ml) for 1 hour at 30°C. Each point represents a single technical replicate collected from triplicate samples with geometric mean.
Experimental limit of detection (A) is indicated by a hatched line at 200 CFU/ml. (B) Mycolactone (~20 mg) was incubated with mesoGPs (10
mg/ml), SA-mesoGPs (10 mg/ml), or PTES-GPs (10 mg/ml) for 1 hour at room temperature. Each point represents a single technical replicate
collected from duplicate samples with mean (SD). The dotted line corresponds to mycolactone concentration prior to experimental incubation.
***p < 0.001; ANOVA test with Brown-Forsythe test and Welsh’s correction to compare GP-treated and untreated MU samples. **p < 0.01;
Welsh’s t-test comparing GP-treated samples to untreated mycolactone samples.
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restores immune function at the infection site (40). In our

previous studies, GPs adsorb diverse bacterial toxins, including

a-hemolysin and streptolysin O (21). Due to greater

hydrophobicity, we hypothesized that SA-mesoGPs and

PTES-GPs would adsorb greater quantities of mycolactone

than their uncoated counterpart. Mycolactone remaining in

solution was regarded as unbound. SA-mesoGPs (10 mg/ml)

neared total adsorption (92.8%) of the initial amount of

mycolactone (~20 mg) (Figure 5B). In contrast, mesoGPs

adsorbed ~35% of total mycolactone, whereas PTES-GPs

adsorbed less than 10% mycolactone (Figure 5B). SA-

mesoGPs displayed significant affinity for mycolactone

sequestration, indicating that the SA saturated fatty acid

plays an important role in hydrophobic interactions with the

polyketide mycolactone toxin.
Cytotoxicity assessment of macroGPs
and mesoGPs

Cytotoxicity of the GP materials was assessed using Detroit

551, WM-115, and U-937 mammalian cells incubated with GPs

(10 mg/ml) for 24 h. The five GP products only minimally

decreased viability (0.01 - 0.35-fold) of Detroit 551 human skin

fibroblasts compared to untreated cells (Figure 6). Except for

PTES-modified mesoGPs, other tested GP materials increased

cytotoxicity 0.8 - 1-fold in WM-115 dermal epithelial cells

(Figure 6). Compared to untreated samples, U-937 cells

exposed to macroGPs and SA-macroGPs for 24 h also

exhibited 0.7 – 0.9-fold increases in cytotoxicity (Figure 6).

While PTES-mesoGPs had minimal effects on U-937 human
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monocytes, mesoGPs and SA-mesoGPs exhibited 1- to 2.3-fold

increases in cytotoxicity compared to untreated cells (Figure 6).

Since macroGPs and SA-mesoGPs significantly adsorbed MU

cells (Figure 5A) and mycolactone toxin (Figure 5B),

respectively, with 1 h incubations and exhibited minimal

cytotoxic effects on skin fibroblasts and epithelial cells with

24 h incubations, these results further support potential

wound-adjacent applications for mycobacterial skin and soft

tissue infections (53) (Figure 6).
Discussion

Despite an improved standard of care in early Buruli ulcer

cases (13, 14), the prognosis for advanced disease remains grim

with surgical procedures, such as invasive debridement, frequently

necessitated and often delayed (31). Non-small molecule

compounds may arbitrate the treatment of advanced cases (13).

Modified and customized aluminosilicate materials offer many

benefits as potential therapeutics, including low production cost,

long-term stability, and ease of application (21–23, 26).

IE-nZeos demonstrated divergent antimicrobial activity

against the tested mycobacterial species. While Ag-nZeos

killed both Mmar and MU, only MU was susceptible to Cu-

nZeos (Figures 2B, 3B). The antimycobacterial activity profile of

each nZeos species (Figures 2A, 3A) may stem from

physiological differences between species. Though undefined,

silver ion antibacterial activity is speculated to result from

disruption of the membrane structure, cellular ion gradient

(54), and electron transport, whereas copper ions are

speculated to metabolic disturbance (55, 56).
FIGURE 6

Cytotoxicity assessment of geopolymers. Detroit 551, U-937, and WM-115 mammalian cells were exposed to GPs (10 mg/ml) for 24 h, followed
by cell viability measurements, as outlined in materials and methods. Data are represented as the relative fold change in excitation/emission
fluorescence values between GP experimental samples and untreated cells. Values for individual replicates are flanked by floating box plots,
wherein the mean of each experimental group is represented as a line. The dotted line represents the normalized value for untreated cells and
the fold-change threshold for GP experimental replicates.
frontiersin.org

https://doi.org/10.3389/fitd.2022.1016426
https://www.frontiersin.org/journals/tropical-diseases
https://www.frontiersin.org


Dermody et al. 10.3389/fitd.2022.1016426
The differential identity of Mmar and MU as fast- and slow-

growing species, respectively, likely influences susceptibility to

ion-based metabolic interference (57). Efflux pump activity

imbues mycobacteria with broad-spectrum chemotherapeutic

resistance (58). Because of their permissive nature,

mycobacterial efflux pumps also hinder intracellular metal ion

accumulation and toxicity (59, 60). Greater active transporter

activity in Mmar, the fast-growing species, may contribute to the

species’ copper resistance (61). Host macrophages appear to

exploit the copper susceptibility of slow-growing intracellular

pathogens, as in the case ofMycobacterium tuberculosis (56, 62).

The reductive MU genome may also lack genes associated with

copper toxicity recovery in Mmar, its evolutionary derivative

(63). As a result of synergistic activity between antibiotics and

metal ions (56, 62, 64), IE-nZeos may support the adaptation of

lower dosage multidrug therapy.

Although we hypothesized that SA-macroGPs would adsorb

MU better than their uncoated macroGP counterparts, both

macroGPs and SA-macroGPs significantly adsorbed MU

(Figure 5). MacroGPs and SA-macroGPs also adsorbed MRSA

in significant quantities (21), implying potential broad-spectrum

adsorptive activity that may benefit treatment of secondary

infections of the Buruli ulcer (65, 66). These results may

indicate either consistency in GP-binding motifs and/or GP

pore sizes (Figure 1) between bacteria or curtailed performance

of SA-enriched GPs resulting from side group dissociation (21).

As a highly hydrophobic molecule, mycolactone was also

anticipated to demonstrate greater adherence to PTES-GPs and

SA-mesoGPs. Our mycolactone – mesoGP adsorption results

parallel GP adhesion of MRSA a-hemolysin toxin (21). Though

both SA-mesoGPs and non-coated mesoGPs adsorbed a-
hemolysin, SA-coated GPs demonstrated a modestly enhanced

binding compared to uncoated GPs (21). Despite the greater

hydrophobicity of PTES-GPs, the aromatic ring structure of this

coating may have produced greater steric hindrance (67) than

the fatty acid chain of the SA-GPs coating. Future studies may

seek to establish longitudinal surface group stability and identify

target-specific GP binding domains.

One of the greatest obstacles to effective MU treatment is the

discordance between in vitro and in vivo susceptibility to small

molecule compounds. Because IE-nZeos and GPs demonstrate

antimicrobial and adsorptive activities in vitro, their

unconventional antimicrobial mechanisms warrant further

investigation for activity in vivo. As topical treatments,

aluminosilicates offer the potential to physically protect

mycobacterial skin and soft tissue wounds and provide

antimicrobial and mycolactone adsorptive therapy for

individuals with Buruli ulcer or Mmar infections.
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