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Germanane Monolayer Films as Antibacterial Coatings
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ABSTRACT: Germanane (GeH), a graphane analogue, has
attracted significant interest because of its optoelectronic proper- otydrogen '™

ties; however, the environmental and biological effects of GeH ©Germanium W Escherichia coli ‘
have scarcely been investigated so far. Here we report a facile so % Sorynehacterium gliamicum
approach based on the Langmuir—Schaefer deposition to produce
homogeneous and dense GeH monolayer films on various
substrates. In view of possible applications and to extend the use
of GeH to unexplored fields, we investigated its antibacterial
activity for the first time and found that this promising 2D
structure exhibits remarkable antibacterial activity against both
Gram-negative and Gram-positive bacterial strains.
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he increasing emergence of antibiotic-resistant bacterial owing to the antiviral, antimutagenic, antitumor, erythro-

strains over the last years urgently calls for the poietic, and immunomodulating properties of germanium'”
development of new antibacterial drugs or coatings. Significant and call for further research of GeH in related applications. In
efforts have focused on the fabrication or improvement of this direction, here we study whether GeH inhibits germ
surfaces with antibacterial action—not only for health-related growth and can be promising for the development of
aims but also in view of keeping them clean by preventing the antibacterial surfaces.
growth of microorganisms. The antibacterial action can be The production of GeH is based on the substitution of
induced by the surface roughness (textile surfaces) as well as calcium by hydrogen during the topochemical deintercalation
by physical or chemical effects’ and hence achieved by of a f-CaGe,-layered Zintl phase in aqueous acids (HCl, HBr,
functionalizing, derivatizing, or polymerizing the surfaces.” The HI, or acetic acid).B The reaction is extremely slow and
rapid growth of nanotechnology has opened new routes for requires between 1 and 2 weeks. Recently, we reported a new
thin-film preparation through a diversity of surface modifica- synthetic approach for high-purity GeH with aqueous HF at
tion methods such as plasma and polymerization methods,’ room temperature that allows one to obtain GeH nanocrystals
layer-by-layer assembly,” and Langmuir—Blodgett/Schaefer in just a few minutes,"* as shown in the schematic diagram in
techniques.” Despite the multitude of approaches for the Figure la.
formation of antibacterial films, the most common problems To study the antibacterial activity, dispersions and coatings

still encountered are short-term stability and nonuniformity® of
the films; additionally, the preparation methods are often not
easily transferable to an industrial environment.

Germanane (GeH), the germanium graphane analogue, has
attracted considerable interest because of its remarkable
combination of properties. The predicted high mobility of
GeH and nonzero band gap make it an extremely suitable 2D
material for optoelectronic applications,” field-effect transis-
tors,” and photocatalytic applications.” Although these
remarkable physicochemical properties of GeH place it in
the top group with regard to (opto)electronic devices, its study
for bioapplications is still limited. The first promising results
concern the potential of germanium-based nanomaterials and
compounds in cancer nanomedicine'’ and drug delivery,''

of this new Xane were produced. A facile and low-cost
Langmuir—Schaefer (LS) deposition was used for obtaining
GeH monolayers, with precise control of the packing of the
nanosheets in 2D arrays. The LS deposition method consists of
spreading molecules or 2D nanosheets at the air—water

interface, where they float if hydrophobic or amphiphilic and
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Figure 1. (a) (left) f-CaGe, Zintl-phase crystals, (middle) GeH structure, and (right) typical AFM height image of GeH flakes. (b) Schematic

representation of the LS deposition resulting in GeH monolayers.
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Figure 2. 7—A isotherms of floating GeH nanosheets at the water surface for different ethanol (left) and DMF (right) injections ranging from 1 to

1S mL.

can be compressed with the help of two barriers into a densely
packed layer called the Langmuir film. This Langmuir film can
be transferred to a solid substrate brought into contact by
horizontal dipping. GeH is highly dispersible in ethanol and
dimethylformamide (DMF) and easily separates into single
nanosheets by liquid exfoliation.'” In addition, droplets of
those dispersions can be spread efficiently on a water surface'®
when injected at the air—water interface of the Langmuir—
Blodgett trough. Thanks to the hydrophobic nature of GeH
(see above), the 2D sheets can be compressed to form a stable
floating single-layer film. Uniform monolayers of GeH with
high surface coverage were transferred to solid substrates by
horizontal dipping of the latter, as shown in Figure 1b.

2334

To show that the GeH used here had the same
characteristics as other batches documented in our previous
report on the synthesis method,'* the X-ray diffraction (XRD)
pattern as well as the Raman and Fourier transform infrared
(FTIR) spectra are reported in Figure S1. To be able to
deposit the GeH nanosheets by the LS technique, we first must
prove that it is possible to form stable Langmuir films at the
water surface. To that end, we recorded 7—A isotherms during
compression of the Langmuir films formed after different
amounts of ethanol dispersions of exfoliated GeH were
introduced at the air—water interface. The 7—A isotherms
for injections ranging from 1 to 15 mL are presented in Figure
2 (left). The curves show a change in the slope when the

https://dx.doi.org/10.1021/acsanm.0c03149
ACS Appl. Nano Mater. 2021, 4, 2333—-2338
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Figure 3. (a—d) AFM height images and (f) cross-sectional analysis of GeH layers on silicon wafers prepared by LS deposition at surface pressures
of 0, 2, 6, and 10 mN m™" as recorded from (e) the z—A isotherm from ethanol dispersions (injection of 5 mL).

pressure is such that a phase transition in the Langmuir film of water surface (10 and 15 mL), suggesting the presence of
GeH sheets occurs during compression, first from a 2D gas to a higher-density domains before compression.
2D liquid and then to a 2D solid."” More specifically, following The successful transfer of GeH Langmuir films onto silicon
the isotherm from right to left, the first discontinuity is the lift- wafers by LS deposition was proven by atomic force
off area, defined as the molecular area where the surface microscopy (AFM). Representative AFM height images of
pressure becomes different from zero; here the flakes start to the GeH films deposited at different surface pressures are
order and to interact as a 2D liquid. For the 7—A isotherm presented in Figure 3a—d. The topographic images show that
recorded when 1 mL of GeH dispersion was added to the the surface coverage of the substrate scales with the surface
water surface, the lift-off area was 14 A’ and the maximum pressure. More specifically, for transfer after the addition of §
surface pressure reached a value of 12 mN m™. mL of GeH dispersion at the water surface and before
Phase transitions of the GeH Langmuir films were clearly compression (at 0 mN m™' surface pressure), single nano-
observed as isotherm slope changes for dispersion volumes of § sheets with well-defined edges and widely spaced from one
and 10 mL at the water surface, resulting in lift-off areas of 30 another are observed, testifying to the formation of floating
and 63 A% respectively, while the surface pressure reached a layers at the air—water interface (Figure 3a). When the transfer
maximum value of 31 mN m™" in both cases. A further increase was performed after compression of the floating film to a
of the GeH dispersion volume to 15 mL caused an absence of surface pressure of 2 mN m™', the LS film consisted of isolated
the gas phase and therefore suggests that domains of higher GeH flakes with an empty space between them (Figure 3b).
density formed at the water—air interface. Hence, we can After transfer at a surface pressure of 6 mN m™', the GeH
conclude that stable Langmuir films are formed, and their nanosheets in the LS film were almost touching, with few voids
density for a certain surface pressure depends on the amount of between them (Figure 3c). Transfer after still further
GeH flakes injected at the water surface. compression of the floating layer to a surface pressure of 10
We also studied the stability of the Langmuir films when mN m™" resulted in a closely packed LS film, where the GeH
GeH flakes are delivered to the water surface in the LB trough nanosheets formed a homogeneous and dense monolayer that
in the form of dispersions in DMF. The results for different covered >80% of the substrate. The average thickness of the
amounts of dispersion are shown in Figure 2 (right). Similar to GeH flakes as derived from the topographical height profile
that observed for ethanol dispersions, the curves show a (Figure 3f) and statistical analysis (Figure S2) was 1.1 + 0.1
change in the slope corresponding to the phase transitions of nm, corresponding to a single GeH layer.'* The micrographs
the Langmuir film of GeH nanosheets during the compression. in Figure 3 conclusively prove that LS deposition without the
For 1 mL of GeH dispersion spread on the water surface, the use of a surfactant or stabilizing agent yields homogeneous
lift-off area was 20 A’ and the maximum surface pressure sparsely or closely packed GeH single layers on solid
reached 18 mN m™". Phase transitions of the Langmuir film are substrates, identifying this technique as an ideal tool for
also clearly observed for a dispersion volume of 5 mL, resulting fabricating thin films of this new 2D material.
in a 57 A? lift-off area and a surface pressure that reached a The antibacterial activity of GeH dispersions at concen-
maximum value of 24 mN m™". The absence of a gas phase was trations between 5 and S0 mg L' was evaluated using
observed for larger dispersion volumes of GeH injected at the Escherichia coli (ECO), Corynebacterium glutamicum (COR),
2335 https://dx.doi.org/10.1021/acsanm.0c03149
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and Brevibacterium lactofermentum (BRE) as model organisms,
as presented in the Supporting Information. As illustrated in
Figure 4, overnight exposure of bacteria to an aqueous GeH
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Figure 4. Lethal effect of GeH dispersions against Gram-negative E.
coli (ECO), Gram-positive C. glutamicum (COR), and Gram-positive
B. lactofermentum (BRE) bacteria. The columns represent the
percentages of cell death after overnight interaction. Data are
represented as mean + SD (standard deviation) based on triplicate
independent measurements.

dispersion at a concentration of 50 mg L™' reduces the
bacterial cell population by more than 80% for both Gram-
negative and Gram-positive bacterial strains. GeH exhibits a
higher lethal effect against Gram-positive bacteria than against
Gram-negative ones; probably the more complex cell wall of E.
coli acts as a barrier toward the antibacterial effect.'® In all
strains, the reduction in the cell population depends on the
nanomaterial dosage. The lethal concentration, LCS0 (i.e., the
concentration of the nanomaterial necessary to reduce the
initial bacterial population to 50%, after 20 h of interaction),
was calculated as 32 + 4, 16 + 2, and 19 + 3 mg L™! for E. coli,
C. glutamicum, and B. lactofermentum, respectively.

Similar results were obtained for GeH monolayers deposited
on mylar substrates. The antibacterial activity of GeH thin
films was evaluated using the same model organisms, but this
time an antibacterial drop-test was used. The lethal effect was
determined by measuring the number of remaining live cells
after the cells were left on the GeH films overnight.

The bacterial population for all bacterial strains decreased
after incubation on the GeH films, as shown in Table 1. The
percentage of bacteria remaining viable after exposure scaled
with the number of cells applied. When 1.25 X 10* CFU cm™>
of GeH films were applied, the antibacterial effect was more

Table 1. Lethal Effect of GeH LS Films against Gram-
Negative (E. coli) and Gram-Positive (C. glutamicum and B.
lactofermentum) Bacteria after Exposure for 20 h

lethal effect (%) of GeH films with the indicated initial
bacteria populations

125 X 10° CFU  1.25 x 10* CFU  1.25 X 10° CFU
cm™2 cm ™2 cm™2

bacterial species

E. coli 80+ 5 70 + 8 405
C. glutamicum 90 + S 85+ 4 70 + 6
B. lactofermentum >99 >99 >9§

2336

than 95% for all of the strains. For higher bacterial populations,
from 1.25 X 10* to 1.25 X 10° CFU cm™ of GeH films, the
bacterial inhibition of the films was found to depend on the
bacterial strain. More specifically, the GeH films exhibited
remarkable antibacterial activity against B. lactofermentum, and
this effect was slightly lower for C. glutamicum strains and even
weaker for E. coli.

We also observed the morphological changes of C.
glutamicum before and after contact with GeH by AFM, as
shown in Figure S3. C. glutamicum on the untreated silicon
wafer (Figure S3ab,e) is typically rod-shaped, and the cell
walls appear smooth with no evidence of membrane rupture
and collapse. After prolonged contact with GeH, the cell walls
appear wrinkled and damaged, which is clear evidence of
membrane rupture'”*° (Figure S3c,d,f).

The observed outstanding antibacterial action of GeH is
probably due to physical and chemical processes occurring on
germanium-based compounds®’ as well as on other 2D
materials such as graphene and its derivatives.”> The physical
factors are related to the “sharp” edges of the nanosheets,
cutting through the bacterium’s cell membrane and causing the
intracellular matrix to leak, which eventually leads to the
bacterium’s death.”” From our microscopy studies, we know
that the GeH nanosheets deposited on the substrates by the LS
method form flat, homogeneous, and closely packed
monolayers, with an average roughness of <1 nm, as calculated
from AFM analysis (Figure S2, inset), suggesting that the
robust antibacterial activity of GeH should not have been
observed if the “sharp” edges of the nanosheets were the main
cause for rupture of the cell membrane. Another mechanism
that has been suggested is self-aggregation or induced
aggregation of 2D sheets, which can lead to wrapping or
trapping of the bacteria and hence their inactivation, thus
inhibiting their proliferation.”* This mechanism is also not
likely because, in our experimental protocol, the bacteria are
interacting with GeH layers anchored on a substrate, and such
an anchoring prevents aggregation. Because, as shown in
Figure S3, the interaction of bacteria with GeH films causes an
irreversible lethal effect on the cells, which is similar to that of
the GeH sheets in dispersion, we suggest that self-aggregation
or induced aggregation cannot be the main reason for the
antibacterial effect in the case of the GeH sheets in dispersion
either. Moreover, changes in the chemical structure are also
unlikely to play a role because the only possible change for
GeH is dehydrogenation, and that requires substantial
heating.”® Oxidative stress induced by reactive oxygen species
(ROS), which has been proposed to disrupt some microbial
processes in the presence of graphene oxide,"” is not expected
here because GeH does not contain oxygen. However, the
oxidation of essential cellular components or structure without
ROS production, as proposed for fullerene (Cg,),”® might
occur for GeH, but further investigation is needed to support
such a conclusion.

Furthermore, it is worth noting that GeH nanosheets
present a water contact angle of 95 + 3° and a { potential of
7.8 mV, as shown in Figure S4; the hydrophobic character and
positive surface charge may contribute to interactions with
bacterial membrane lipids and cause membrane disruption.”’

In conclusion, GeH is a new inorganic 2D material with not
only outstanding potential for (opto)electronics but also
extraordinary antibacterial properties against Gram-negative
and Gram-positive bacterial strains both when the latter are
exposed to GeH in aqueous dispersion and when they are
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incubated on GeH thin films. In our work, we achieved an
inactivation of more than 80% for both Gram-negative and
Gram-positive bacterial strains at a lower concentration (50 ug
mL™!) than previous studies of other 2D solids, namely,
graphene oxide,”® MoS,,” and Ti,C,Tx (metal carbides/
nitrides or MXenes).”> We also found extraordinary anti-
bacterial activity against the B. lactofermentum bacterial strain
for all cell concentrations. On the basis of the above results, we
are confident in proposing this new material as an attractive
antibacterial agent.
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