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ABSTRACT: The extensive use of gold in sensing, diagnostics, and
electronics has led to major concerns in solid waste management since gold
and other heavy metals are nonbiodegradable and can easily accumulate in the
environment. Moreover, gold ions are extremely reactive and potentially
harmful for humans. Thus, there is an urgent need to develop reliable
methodologies to detect and possibly neutralize ionic gold in aqueous
solutions and industrial wastes. In this work, by using complementary
measurement techniques such as quartz crystal microbalance (QCM), atomic
force microscopy, crystal violet staining, and optical microscopy, we
investigate a promising biologically induced gold biomineralization process
accomplished by biofilms of bacterium Delftia acidovorans. When stressed by
Au3+ ions, D. acidovorans is able to neutralize toxic soluble gold by excreting a nonribosomal peptide, which forms extracellular
gold nanonuggets via complexation with metal ions. Specifically, QCM, a surface-sensitive transducer, is employed to quantify
the production of these gold complexes directly on the D. acidovorans biofilm in real time. Detailed kinetics obtained by QCM
captures the condition for maximized biomineralization yield and offers new insights underlying the biomineralization process.
To the best of our knowledge, this is the first study providing an extensive characterization of the gold biomineralization process
by a model bacterial biofilm. We also demonstrate QCM as a cheap, user-friendly sensing platform and alternative to standard
analytical techniques for studies requiring high-resolution quantitative details, which offers promising opportunities in heavy-
metal sensing, gold recovery, and industrial waste treatment.
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Unique biocompatibility, tunable surface functionalities,
optical properties, and controlled drug-release capability

make gold nanoparticles (AuNPs) suitable for applications
ranging from sensing to medical diagnostics.1 Solid gold has also
found wide applications in the electronic industry. However, the
extensive use of noble metals has caused difficulty in solid waste
management since gold and other heavy metals are non-
biodegradable and accumulate in the environment.2 Moreover,
intermediate products in gold processing and precursors of
AuNPs synthesis, such as Au(I) and Au(III) compounds, are
extremely reactive and potentially harmful for humans.3,4 For
instance, Au(III) salts, such as gold chloride (AuCl3), can
damage the liver, kidney, and the peripheral nervous system.5 In
addition, Au3+ ions are toxic to the majority of bacteria.6

Interestingly, microbial biofilms, clusters of microorganisms
closely packed on a solid surface within a self-produced matrix of
extracellular polymeric substances (EPS),7 have been observed
on the surface of gold nuggets, suggesting that some micro-
organisms have developed specific resistance mechanisms to
both solid and soluble gold, motivating potential applications in
metal detoxification.8 Genome sequencing of gold nugget
microbiota has revealed that Cupriavidus metallidurans and
Delftia acidovorans are the dominant organisms within such
communities, comprising over 90% of the bacteria in these

biofilms.9 Indeed, these microorganisms respond to the
presence of toxic and soluble gold by activating specific
metabolic pathways that reduce ionic gold to solid gold, in the
form of the so-called “nanonuggets”.10 When stressed by Au3+

ions, D. acidovorans produces the nonribosomal extracellular
peptide delftibactin, which forms gold particles via metal
complexation to protect the microorganism against toxic soluble
gold.10 This biologically induced biomineralization process can
be exploited in a wide range of applications, such as
environmentally friendly cell-based synthesis of AuNPs, and
gold recovery from electronic waste and environmental matrices
such as seawater.11 Moreover, the capability of microorganisms
such as D. acidovorans to neutralize heavy-metal ions in solution
offers unique opportunities to develop alternative cell-based
biosensors for heavy-metal detection. Recently, biosensors have
incorporated whole cells, enzymes, and oligonucleotides for
heavy-metal detection.12 However, whole cells have shown
advantages over proteins and nucleic acids: they are cheaper to
use, easier to maintain, and have better tolerance against
environmental changes. For these reasons, whole cells have
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found applications in the detection of heavy metals such as
lead,13 cadmium,14 copper,15 chromium,16 and nickel17 using
either optical or electrochemical transduction principles.
Since conventional laboratory approaches (e.g., inductively

coupled plasma mass spectrometry) to quantify metal ions rely
on complex and expensive techniques,18 they are not well suited
for real-time and routine measurements on microorganisms.
Therefore, the detailed characterization of gold biomineraliza-
tion from bacteria such as D. acidovorans is still lacking, while
such information is critical in designing and optimizing the gold-
recovery process involving microorganisms. For example, native
conditions experienced by D. acidovorans, i.e., biofilm formation
on solid gold surfaces, have never been explored.
Acoustic sensors, specifically quartz crystal microbalances

(QCM), have received increasing attention in sensing due to
their cost-effectiveness and flexibility in investigating molecular
recognition and surface phenomena.19,20 QCM measures the
adsorbed/deposited mass on its gold-sensitive surface by
monitoring variations of the oscillation frequency of a quartz
crystal resonator with a resolution of ≈ ng/Hz. In addition, this
device has been used to estimate the stiffness of adsorbed
materials by measuring the energy dissipation factor (D).21

Therefore, QCM has been utilized as a reliable tool to track
various biological processes involving DNA hybridization,22,23

antigen−antibody binding,24,25 and prokaryotic and eukaryotic
cell adhesion responses to different stimuli.26,27 QCM also offers
a wide range of possibilities in terms of the sensor surface (e.g.,
gold, silver, titanium, copper, etc.) with additional coatings (e.g.,
plastic, silicon oxide, etc.). In fact, QCM has been used as a
sensor platform to monitor bacterial adhesion and various
biofilm developmental stages in real time.28−35

Motivated by the possibility to detect heavy metals using
microbial biofilms, we use label-free QCM to characterize D.
acidovorans biofilm formation and detect Au3+ biomineralization
on a gold-coated quartz QCM surface in real time. The QCM
characterization of biofilm assembly is complemented by optical
microscopy, atomic force microscopy (AFM) imaging, and
crystal violet (CV) staining. Toxic effects of soluble gold on
bacterial cells have been estimated through viability staining,
while the biomineralization process is confirmed using a
colorimetric assay.36 Specifically, gold biomineralization by D.
acidovorans is detected directly on the QCM surface by stressing
its microbial biofilm with AuCl3 solutions at various
concentrations, with the sensor resonance frequency and energy
dissipation signals being monitored for 14 h. To the best of our
knowledge, this is the first study providing an extensive
characterization of a gold biomineralization process by a
bacterial biofilm and since QCM is an extremely sensitive
mass sensor, it can be an excellent device to quantitatively detect
the gold nanonuggets resulting from the Au3+ biomineralization,
and consequently identify the experimental conditions to
maximize the gold recovery and the production of nanonuggets.

■ MATERIALS AND METHODS
Chemicals. Crystal violet powder (C6158), gold (III) chloride

trihydrate (520918), 3,3’,5,5’-tetramethylbenzidine (TMB) (860336),
sulfuric acid (258105), and hydrogen peroxide solution (216763) were
purchased from Sigma-Aldrich. Live/Dead BacLight Bacterial Viability
Kit (L13152) was purchased from Invitrogen. Poly(dimethylsiloxane)
(PDMS) was purchased from Dow Corning (Japan). 1× phosphate-
buffered saline (PBS) (pH 7.4) is used both as the biomineralization
and washing buffer.
Bacterial Growth and Biomineralization Conditions. D.

acidovorans (ATCC 15668) and Escherichia coli (WT MG1655, Lab

collection) are streaked on Nutrient Agar (DB Difco, 213000) and LB
agar (Sigma-Aldrich, L3022 and A1296) plates, respectively. Stocks of
both strains are kept in glycerol at −80 °C. Single colonies are picked
from their respective plates and used to inoculate 20 mL of either
nutrient broth (NB, for D. acidovorans) or lysogenic broth (LB, for E.
coli) and grown overnight (≈16 h) at 30 °C under continuous shaking
(200 rpm).

Gold biomineralization conditions are examined by exposing the
biofilm formed on the QCM gold surface to either NB or minimal
medium (MM), consisting of M9 salts (Sigma-Aldrich, M6030)
supplemented with 0.2% glucose [w/v], 0.1% casaminoacids [w/v],
and 1 μg/mL thiamine.

Quartz Crystal Microbalance (QCM). The QCM device
(openQCM Q-1) was purchased from Novaetech, Italy. Gold-quartz
oscillators (QL0765) were purchased from I.E.V., Italy. They are AT-
CUT quartz with a fundamental frequency of 10MHz. Crystal and gold
electrode diameters are 1.37 and 0.6 cm, respectively. The QCM gold-
coated quartz substrates are cleaned using the “piranha solution”, a 3:1
mixture of sulfuric acid (H2SO4) and 30% hydrogen peroxide (H2O2).
Since the piranha solution is a strong oxidizing agent, it is commonly
used in microelectronics to remove organic contaminants from
substrates. In the fume hood, hydrogen peroxide is slowly poured in
a glass beaker containing sulfuric acid, resulting in an extremely
exothermic reaction. After the solution cools, QCM sensor substrates
are immersed with steel tweezers in the reactive solution for about 2
min. Next, the substrates are washed withMilliQ water and dried with a
gentle stream of nitrogen. This aggressive chemical treatment allows
QCM sensor substrates to be reused up to 3−4 times.

Once the gold−quartz oscillator is mounted, the liquid sample is
confined on the gold-sensitive surface via an open cell that allows
sample volumes up to 200 μL. The cell is closed with a teflon cover and
the whole sensing modulus is protected by a three-dimensional-printed
cap containing a water reservoir. This is critical to prevent sample
evaporation. Both resonance frequency and dissipation values are
recorded in real time via the manufacturer’s software. Data are then
analyzed using OriginPRO 2017 (OriginLab).

Monitoring D. acidovorans Biofilm Formation using QCM.
200 μL of NB are loaded into the QCM chamber and 1 μL of the
overnight bacterial culture (equal to an initial concentration of bacteria
of about 2 × 107 CFU/mL) is then added to the QCM chamber when
both the frequency and the dissipation signals are stable (this happens
after about 1 h from the loading of the NB). Both resonance frequency
and dissipation are monitored for 24 h at room temperature (25 °C).
All measurements are performed in triplicate.

Real-Time Optical Imaging of D. acidovorans Biofilm
Formation. The gold-coated glass substrate for real-time microscopic
characterization of D. acidovorans biofilm formation is prepared by
depositing 15 nm of gold on a glass cover slip (MatsunamiMicro Cover
Glass, Japan, thickness 0.170± 0.005 mm) using an e-beam evaporator
(KE604TT1-TKF1, Kawasaki Science) in a Class 1000 clean room.
Before metal deposition, glass substrates are cleaned via sonication for 3
min in acetone and isopropanol. These conditions provide a continuous
metal film similar to the gold-coated quartz surface of the QCM. The
gold substrate is then bonded to a poly(dimethylsiloxane) (PDMS) slab
via double-sided tape. A PDMS layer (6−7 mm thick) is prepared by
pouring a 10:1 prepolymer/curing agent mixture (Dow Corning,
Japan) in a petri dish. After degassing to remove air bubbles, themixture
is cured for 3.5 h at 60 °C. Then, 8 mm holes are punched using
disposable biopsy punchers (KaiMedical, Japan) to create PDMSwells.
Bacteria are grown under the same conditions as those described in the
previous paragraph. Images are captured every 2 min over 24 h at 25 °C
using a Leica thermal stimulated current SP8 confocal microscope
operated in transmitted light mode.

Morphological Characterization of Microbial Biofilm using
Atomic Force Microscopy. Microscopic characterization of D.
acidovorans biofilm grown on QCM gold surfaces is performed using
an atomic force microscope (Dimension ICON3 from Bruker, Japan)
equipped with aluminum back-coated cantilevers (OTESPA-R3,
Bruker, Japan) with nominal tip radius values ≈ 7 nm, spring constant
k ≈ 26 N/m, and resonance frequency f 0 ≈ 300 kHz. The microbial
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biofilms are imaged in tapping mode with a scanning speed of 1 line/s
and a relatively high-amplitude set-point ratio (Asp/Afree ≈ 0.85) to
reduce the risk of tip contamination. Areas of 20 × 20 and 10 × 10 μm2

are scanned with a resolution of 512 pixels per line. All of the
measurements are performed in triplicate and image analysis is
performed using NanoScope Analysis 1.8 software (Bruker).
Crystal Violet Staining.Crystal violet (CV) assay is widely used to

quantify biofilm biomass.37,38 We adopt the standard procedure to
validate the results obtained with the QCM device at 24 h. In addition,
we have used E. coli as a reference microorganism. E. coli is grown in LB,
under similar conditions as D. acidovorans, with the detailed procedure
included in the Supporting Information (SI).
Viability Staining. Live/Dead BacLight Bacterial Viability Kit is

used to evaluate the decrease in bacterial vitality due to gold toxicity. It
is based on bacterial staining using a mixture of SYTO 9 and propidium
iodide dyes. Specifically, SYTO 9 provides green fluorescence and
labels living bacteria, while propidium iodide, which emits in the red
spectral region, labels dead cells. The D. acidovorans biofilm is stained
directly on the QCM gold surface and the detailed protocol and
information about the image analysis are reported in SI.
3,3’,5,5’-tetramethylbenzidine (TMB) Assay. Xia et al.36 have

demonstrated that 3,3’,5,5’-tetramethylbenzidine (TMB), a substrate
commonly used in ELISA assays, can be used for quantifying Au3+ ions
in solution. TMB is specifically oxidized by Au3+ ions, producing a
charge-transfer complex that strongly absorbs light at 654 nm.
Therefore, the TMB assay is used for independent validation of the
gold biomineralization by D. acidovorans biofilm by estimating the
amount of free Au3+ remaining in the solution in the QCM
measurement cell over 14 h. First, a 2 mM indicator solution is
prepared by dissolving TMB powder in a 4:1 mixture of ethanol and
NaAc/HAc buffer 1M at pH 3.5. The TMB solution is stored at 4 °C to
prevent its degradation. To estimate the Au3+ content in a sample
loaded in the QCM cell, we first calibrate the response of the assay using
AuCl3 samples in PBS. 10 μL of Au3+ sample is mixed with 2 μL of TMB
solution. After 10 min of incubation at room temperature (25 °C), the
absorbance spectrum between 500 and 800 nm is recorded using an
UV−vis spectrophotometer (NanoDrop 2000). In particular, absorb-
ance at 654 nm is plotted against the AuCl3 concentration and used as a
reference. The same procedure is performed on the biofilm supernatant
at different times. Since some cells can also be captured while
recovering the supernatant, continuing the biomineralization, and
reducing the amount of Au3+ in solution, all samples are collected and
then kept at 4 °C until reactant is added.

■ RESULTS AND DISCUSSION

Since it provides direct, nondisruptive, and real-time surface
characterizations, QCM is a valuable tool to study biofilms and
how they respond to different stimuli. Here, we use QCM to
characterize the D. acidovorans biofilm formation on a gold-
coated quartz surface of a QCM and examine how the bacteria
respond to soluble gold at different concentrations. The
experimental procedure and schematic of the biofilm develop-
ment and gold biomineralization are illustrated in Figure 1. First,
the bacteria grow for 24 h on the QCM surface (steps 1−3),
forming a compact biofilm structure. After washing the biofilm
with phosphate-buffered saline (PBS, step 4) to remove the
residual culture medium, cells are stressed for ≈14 h with a
AuCl3 solution at concentrations ranging from 0.5 to 100 μM
(step 5). This induces the production and secretion of
delftibactin, which binds soluble gold to form an insoluble
complex (step 6). Since D. acidovorans naturally grows on gold
substrates, QCMs with gold-coated quartz sensors are well
suited to study the biofilm formation and gold biomineralization
of D. acidovorans. Finally, the interaction of D. acidovorans
bacteria with the sensor surface does not produce any visible
degradation of the gold electrode, as verified via AFM and

scanning electron microscopy images (see SI and Figure S2 for
more details).

Real-Time Monitoring of D. acidovorans Biofilm
Formation with QCM and Optical Microscopy. A quartz
crystal microbalance with dissipation monitoring (QCM-D)
enables measurements of both the resonance frequency of the
oscillating quartz and the energy dissipation associated with the
material adsorbed on the sensor surface. While changes in the
resonance frequency usually indicate an addition of mass on the
QCM, variations in energy dissipation are related to the stiffness
of the material in contact with the sensor surface. Many studies
report a decrease in resonance frequency upon bacteria adhesion
and biofilm formation, consistent with the standard Sauerbrey’s
model,33,39 an empirical equation describing the direct
proportionality between the decrease in the oscillation
frequency of a piezoelectric crystal and the mass deposited on
it. However, some other studies29,40 show that adhesion of some
bacteria can lead to an increase in the frequency over its original
resonance value, which can be explained by the coupled−
oscillator theory, in which the bacterium-resonator system
simulates a pair of coupled oscillators.41 The QCM signal
transduction is determined by the interaction between bacterial
cells and a surface, mediated by appendages such as pili, flagella,
and curli,42,43 and extracellular polymeric substances (EPS)
components of biofilm matrix including polysaccharides,
proteins, and extracellular DNA.7 If bacteria are weakly bonded
on the sensor surface, its oscillation frequency is much lower
than its basal quartz frequency.40 In this condition, the bond
between cells and the sensor surface exerts a restoring force on
the QCM, increasing its effective stiffness, and therefore its

Figure 1. Stages of D. acidovorans biofilm development and gold
biomineralization. The bacteria first grow for 24 h on the gold-coated
quartz sensor surface of the QCM (from step 1 to 3), and then the
biofilm is washed with PBS (step 4) and stressed with AuCl3 for about
14 h (step 5). The exposure to soluble Au3+ ions induces the production
of the nonribosomal peptide delftibactin, which neutralizes the ionic
gold, creating the so-called nanonuggets (step 6).
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resonance frequency. On the other hand, when the cells adhere
firmly to the sensor surface, the bacteria start to oscillate
synchronously with the quartz, thus decreasing its resonance
frequency as predicted by Sauerbrey’s model.
D. acidovorans biofilm growth sensorgrams recorded at 25 °C

(Figure 2a,b) display two reproducible characteristic peaks in its
frequency and dissipation at about 7± 1 and 15± 1 h, which are
associated with biofilm reorganization and bond maturation on
the sensor surface and can be explained by the coupled−
oscillator theory. After an initial incubation of the gold-coated
quartz sensor with the nutrient broth (NB) culture medium (red
line), inoculumwas loaded into theQCM chamber. This led to a
progressive increase in both frequency and dissipation (blue
lines), which culminated with a first peak (I) at about 7 h,

followed by a decrease and stabilization of both signals (II). This
first peak describes the initial bacterium−sensor interaction
where bacterial appendages and proteins on the cell membrane
can lead to weak coupling between the bacteria and the QCM
surface, producing an increase in frequency.44 Next, adhered
bacteria start to produce extracellular polymeric substances
(EPS), leading to an increase in dissipation as well. When cells
are firmly adsorbed on theQCMgold surface, the biofilmmass is
coupled with the QCM sensor, resulting in a net negative shift in
frequency and a positive variation in dissipation. Indeed, when
the microbial layer is firmly attached on the QCM gold surface,
the sensor signals remain stable for about 6 h (from 10 to 16 h,
II). At 16 h, we observe a new increase in both frequency and
dissipation (yellow data, III) followed by a final stabilization

Figure 2. QCM sensorgrams of D. acidovorans growth on gold and optical images of the biofilm structure. Panels (a) and (b) show frequency and
dissipation responses versus time, respectively. An initial stabilization inNB (red data), corresponding to protein adsorption on the gold sensor surface,
is followed by a gradual increase in both frequency and dissipation (blue data). This peak (I) is a signature of bacterial reorganization on the gold sensor
surface. Next, bond maturation of the cells onto the gold surface results in another stabilization regime for both frequency and dissipation (II). A
second increase in both signals can be observed at about 16 h (yellow data, III), followed by a final stabilization (IV). While the first peak can be
attributed to a rearrangement of the cell layer directly adhering to the gold surface, the second one is related to reorganization of the external part of the
biofilm. These stages can be captured in the Df-plot (c), where the dissipation shift is plotted against the frequency change, and further validated in a
sequence of images extracted from a time-lapse series of D. acidovorans grown on a 15 nm gold layer evaporated on a glass cover slip (d). Images of
bacterial growth are captured every 2min over≈ 24 h at 25 °C (see SI video). In these conditions, biofilm reorganization occurs around 7 and 16 h. The
scale bar represents 20 μm.
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(IV), which is possibly related to the biofilm reorganization and
bond maturation. D. acidovorans growth on QCM has been
repeated in five independent experiments, all showing similar 2-
peak profiles in both frequency and dissipation sensorgrams. In
addition, after 24 h of bacterial growth, frequency and
dissipation signals stabilize at −101 ± 40 Hz and 40 ± 10
ppm, respectively.
Based on the QCM-D measurements, the dissipation/

frequency ratio (ΔD/Δf) can be used to highlight structural
properties of the material on the QCM gold surface (Figure 2c:
ΔD is plotted versus Δf). The steeper the ΔD/Δf profile, the
softer the layer in contact with the QCM sensor surface. In the
initial phases of the measurement (red data), adsorbed proteins
from the culture medium form a compact layer on the sensor
surface (the frequency shiftΔf decreases without large variations
in the energy dissipation ofΔD). However, cell adhesion and the
first biofilm reorganization (blue data) result in a distinct regime
in theDf-plot, corresponding to the formation of an increasingly
soft film on the gold surface (blue data, I). This is followed by a
progressive stabilization of cell adhesion on the QCM sensor
surface, which results in a more compact bacterial structure (II).
A similar trend can be observed in the later stage of biofilm
development (yellow data, III and IV). This enhanced steeper
profile indicates the formation of a structure softer than the
initial one (blue data), which corresponds to the assembly and
stabilization of the outer biofilm layer.
The mechanism described above (the captured two peaks and

the growth stages highlighted in the QCM sensorgram) is
further supported by optical microscopy (Figure 2d and
Supporting Information, Movies SM1, SM2, and SM3), where
D. acidovorans growing on a glass cover slip coated with a 15-nm-
thick gold film is imaged for 24 h at 25 °C. Each video in SI
corresponds to specific time intervals (i.e., 0−3 h for SM1, 3−8 h
for SM2, and 8−24 h for SM3), showing time-lapsed images
acquired on the sensor surface, with the aim of capturing the
biofilm reorganization events occurring at about 7 h and 16 h,
respectively. The real-time imaging of the biofilm growth reveals
that the initial bacterial adhesion (from 0 to ≈5 h, Supporting
Information, Movies SM1 and SM2) is followed by a microbial
reorganization at≈7 h (I, Supporting Information,Movie SM2).
This observation supports the hypothesis that in this stage, cells
are weakly bonded on the QCM surface. Indeed, the weak
adhesion of the bacteria on the gold substrate, which is
responsible for the broadness of the peak, results in the increase
in both frequency and dissipation until 7 h, when both signals
reach their maximum (Figure 2a). Between 7 and 12 h, the cells
weakly adhering on the surface would go in and out of the focal
plane, but eventually forming a biofilm firmly attached to the
gold surface at ≈12 h (phase II), which causes a reduction in
frequency. A similar but less pronounced second reorganization
event is observed after roughly 16 h from the inoculum (III),
corresponding to the second peak in the QCM sensorgrams,
which is then followed by the final stabilization (IV). For more
details, see Supporting Information, Movie SM3.
Morphological Characterization with AFM and Bio-

mass Estimation with Crystal Violet Assay. After D.
acidovorans grows on the QCM gold-coated quartz surface for
24 h, the resulting microbial biofilm is imaged by an atomic force
microscope via tapping mode (Bruker, Dimension ICON3).
This technique has proven useful for characterizing bacterial
biofilm morphology and bacterial interactions and attachment
on surfaces.45 Areas of 20× 20 μm2 (Figure 3a) and 10× 10 μm2

(Figure 3b) reveal that bacteria and the EPS matrix constitute a

Figure 3.High-resolution AFM images of a 24 h D. acidovorans biofilm
on a QCM gold surface. (a) 20 × 20 μm2 and (b) 10 × 10 μm2 scans.
Stable and compact structures of bacteria and EPSs are observed. D.
acidovorans biofilm formation has also been characterized using the
conventional crystal violet assay, (c) while E. coli is used as a reference
microorganism. These experiments have been performed on both
plastic (well plate) and gold (QCM) surfaces. Both bacteria are grown
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completely formed biofilm that covers the whole sensor surface.
These results are critical to verify stable bacterial immobilization
and biofilm formation on the gold sensor surface for further gold
stress experiments.
The D. acidovorans biofilm formed after 24 h is also

characterized using a crystal violet assay (Figure 3c), a staining
methodology commonly used to evaluate the microbial biofilm
biomass.46 We compare the D. acidovorans biofilm (blue data)
with the biofilm formed by E. coli (red data, used as a reference
microorganism) formed on the gold sensor surface of the QCM
and on a standard plastic 96-well plate.
Absorbance values at 570 nm (being directly proportional to

the microbial biomass adhering on the surface) for the simple
culture media (LB and NB for E. coli and D. acidovorans,
respectively) are used as references. While E. coli reaches similar
biomass on both plastic and gold substrates after 24 h, D.
acidovorans forms a more massive biofilm on gold than on
plastic. This can be explained by considering that D. acidovorans
is usually isolated from the surfaces of gold nuggets.8,47

Identification of the Best Aqueous Solution for
Monitoring Gold Biomineralization by D. acidovorans
Biofilm. To identify the best sensing conditions for gold
biomineralization by D. acidovorans biofilms, we evaluate the
response of the bacteria when they are stressed with soluble gold
(AuCl3) in different culture media and buffer solutions. The
biofilm formed on the QCM sensor is exposed to either NB,
minimal medium (MM), or PBS. After the sensor stabilization,
an aliquot of AuCl3 stock solution is added to the sample to
reach a final concentration of AuCl3 at 100 μM (Table 1). While

NB is a rich medium, MM provides only minimal nutrients for
bacterial growth. On the other hand, PBS stabilizes the biofilm
by maintaining a constant pH and ionic strength without
providing nutrients.
When the D. acidovorans biofilm is stressed by Au3+ in NB,

neither the quartz resonance frequency nor the energy
dissipation signals stabilize within 20 h. In addition, since we
are dealing with a nutrient-rich medium, it is not possible to
discriminate the gold nanonugget formation from the microbial
growth because both phenomena affect the quartz resonance
frequency. Both PBS and MM provide a robust frequency shift
and a reasonable frequency stabilization after 10 h from the
introduction of AuCl3 solution. In particular, the biofilm stressed
with gold ions in MM results in a larger frequency shift
compared to that obtained in PBS. Gold biomineralization also

occurs more rapidly inMM (signal stabilization is achieved in 12
h in MM in comparison to ≈14 h in PBS). This enhanced
biomineralization performance of D. acidovorans biofilm is
related to the presence of nutrients in MM. However, the usage
of MM also implies that the microorganisms have resources to
multiply as well. This side-effect perturbs the resonance
frequency of the QCM, thus increasing measurement error
and making it more difficult to discriminate between
biomineralization and bacterial growth. Therefore, among the
tested solutions, PBS offers the best environment to accurately
monitor biomineralization activity. Even though PBS does not
contain nutrients to support cell growth, the biofilm still
neutralizes gold (a consistent shift in frequency is recorded) and
a frequency stabilization is reached after ≈14 h. Hereafter,
experimental conditions (gold solutions in PBS and biominer-
alization in 14 h) will be used for further experiments.

Toxic Effect of AuCl3 on D. acidovorans Biofilm. Since
there is a limit of the amount of soluble gold that D. acidovorans
can neutralize, gold toxicity on immobilized D. acidovorans has
been evaluated by Live/Dead BacLight Bacterial Viability
staining. This procedure is performed directly on the QCM
gold surface after D. acidovorans biofilms are stressed with
different AuCl3 concentrations for 14 h (Figure 4). The assay
involves two different fluorescent dyes (SYTO 9 and propidium
iodide), which produce a strong green or red fluorescence signal,
depending on whether the bacteria are alive or dead.
In our control experiments, the biofilm is exposed to PBS for

14 h (Figure 4a) andmost of the cells are alive, producing largely
green fluorescence. On the other hand, when the bacterial
biofilm is stressed with 100 μM of AuCl3 (Figure 4b), some red
areas (due to dead cells) can be clearly identified. These
experiments show that D. acidovorans have AuCl3 concen-
trations up to about 50 μM in PBS without significant cell death.
When the biofilm is stressed with higher concentrations of
soluble gold, cell vitality decreases exponentially (Figure 4c). In
particular, the fraction of living cells versus the concentration of
AuCl3 (α[Au

3+]) can be described by a logistic-type equation

A
( Au )

1 eB C
3

( Au )3α [ ] =
+

+
[ ]−+

(1)

where A is the initial fraction of living cells on the gold surface of
the QCM, B is a rate parameter defining the soluble gold toxicity
for D. acidovorans, and C is the concentration at which cell
vitality is half the maximum value. The best fit yields: A = 0.883
± 0.004, B = 0.042 ± 0.004 μM−1, and C = 115 ± 4 μM. In
particular, the concentration parameter C (half-maximal
effective concentrations) is high when compared with bacteria
exposed to other heavy metals (EC50).

48 However, this result is
reasonable considering that D. acidovorans has a specific
detoxification mechanism to protect itself from soluble gold.
This information is important in studying biomineralization
because the healthier the bacteria, the more efficient the
production of delftibactin and gold detoxification. The
parameters obtained from the fit will be implemented in the
analysis of QCM results reported in the next section.

Sensing Gold Biomineralization using QCM. The D.
acidovorans biofilms formed over 24 h on the QCM gold sensor
surfaces have been stressed by using AuCl3 solutions with
concentrations ranging from 0 to 100 μM in PBS. All of the
QCM sensorgrams exhibit similar behaviors in both frequency
and dissipation. Figure 5a shows an example of the biofilm
response at 50 μM of AuCl3. After the QCM signal stabilizes in
PBS (≈1 h after the QCM chamber is filled with PBS), the

Figure 3. continued

for 24 h before staining. While E. coli (red data) reaches the same
biomass on both plastic and gold substrates, D. acidovorans (blue data)
produces a more massive biofilm on gold. The absorbance values
reported in the histogram correspond to three independent experi-
ments, with the error bars denoting the standard deviation.

Table 1. QCM Response of D. acidovorans Biofilm Stressed
with 100 μM of AuCl3 in NB, MM, and PBS

medium Δf (Hz) signal stabilization (h)

NB −40 ± 20 N/Aa

MM −389 ± 144 ≈12
PBS −222 ± 32 ≈14

aWhen the biomineralization is induced in NB, the QCM frequency
signal continues to drop even after 20 h.

ACS Sensors Article

DOI: 10.1021/acssensors.9b01580
ACS Sens. 2019, 4, 3023−3033

3028

http://dx.doi.org/10.1021/acssensors.9b01580


bacterial biofilm is exposed to 50 μM of AuCl3. The vertical
dashed line highlights the addition of the soluble gold solution.
Subsequently, progressive decreases in both resonance
frequency of the quartz and energy dissipation are observed.
These are compatible with the mass load on the QCM surface
and the stiffening of the bacterial biofilm resulting from the
biomineralization process. Indeed, D. acidovorans protects itself
from the soluble gold by producing delftibactin, which chelates
the Au3+ ions in a 1:1 ratio, forming an insoluble complex.10,49

These delftibactin−Au complexes (AuD) precipitate on the
QCM surface, damping the resonance frequency of the quartz.
Most of the sensorgrams show a rather stable signal in both
frequency and dissipation after about 14 h from the addition of
the soluble gold solution. Therefore, gold biomineralization
kinetics can be examined by analyzing the 14 h sensor responses
of D. acidovorans biofilm (Figure 5b) on the QCM.
The sensor’s frequency response can be modeled by

considering that frequency variation (Δf) is directly propor-

tional to the concentration of the AuD complex. This can be
expressed using a Hill-type equation, a widely used model50−52

to capture the response of cells against a certain stimulus

f K
K

tAuD D
Au

AuAu tot

3

3Δ ∝ [ ] = [ ] [ ]
+ [ ]

Δ
+

+ (2)

where KAu is the gold biomineralization rate expressed in h−1,
Dtot is the total amount of delftibactin produced, which is
assumed to be a constant at equilibrium, K is the dissociation
constant describing the affinity of the system for the Au3+ ions,
and Δt is the duration of the experiment (i.e., 14 h in this case).
Note that the amount of delftibactin produced ([Dtot]) at each
AuCl3 concentration depends on the fraction of living cells in the
biofilm. This can be obtained by eq 1 based on the viability
staining results reported in the previous subsection. Wemultiply
eq 1 with eq 2 to describe the frequency response due to the

Figure 4.Viability staining forD. acidovorans stressed for 14 h with different concentrations of AuCl3. The experiment is conducted using two different
fluorescent dyes (SYTO 9 and propidium iodide). These emit in the green and red spectral regions and are specific for living and dead cells,
respectively. (a) Control experiment performed by exposing the cells to PBS and (b) bacterial biofilm stressed with 100 μMof AuCl3.D. acidovorans is
able to survive by neutralizing the gold ions; however, the lack of nutrients (the measurement is performed in PBS) and the increasing concentration of
Au result in a progressive decrease in cell vitality, as shown in (c). These experimental data are shown as black squares, with the best curve fit using a
logistic-type relationship shown as a red solid curve (d). Each data point results from the analysis of three independent areas, with the error bars
denoting the standard deviation.
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biofilm on the QCM gold surface at various AuCl3
concentrations (Figure 5b)
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whereΔfsat = KAu[Dtot]Δt is the maximum theoretical frequency
shift possible by the system at saturating gold concentration

without considering the toxic effect of gold, while A, B, andC are
fitting parameters estimated by analyzing viability staining
results (A = 0.883± 0.004, B = 0.042± 0.004 μM−1, andC = 115
± 4 μM). Detailed description of themathematical model can be
found in SI. The best fit of the QCM responses gives values of
Δfsat = 444 ± 70 Hz and K = 27 ± 8 μM. The maximum of this
curve corresponds to the concentration of AuCl3 (≈ 64.7 μM) at
which the biomineralization yield is maximized. Indeed, because
of the intrinsic resistance of D. acidovorans against soluble gold,
at this concentration, the toxicity of the AuCl3 is not relevant
enough to dampen the gold neutralization process. We should
stress that the biomineralization process and gold quantification
can be significantly improved by supplying a minimum amount
of nutrients to the bacterial cells, so that more delftibactin can be
produced to generate more nanonuggets. As discussed in the
previous section, when the biomineralization is performed in
MM rather than in PBS, the frequency shift due to the
nanonugget formation is almost doubled (see Table 1).
However, this condition will require an integrated microfluidic
sensing platform to continuously supply the nutrients during
sensing.

Confirmation of Gold Biomineralization via the TMB
Assay. The 3,3’,5,5’-tetramethylbenzidine (TMB) assay was
used for independent confirmation that the biomineralization
process has indeed occurred by theD. acidovorans biofilm (more
details about this procedure can be found in the Materials and
Methods Section). Briefly, the reaction between Au3+ and TMB
molecules produces a strong increase in the absorbance at 654
nm, which is directly proportional to the concentration of free
metal ions (Figure 6a and b). The calibration curve (Figure 6b)
is obtained by plotting the absorbance at 654 nm against Au3+

concentrations. A linear relationship (R2 = 0.986) in the range of
0−100 μM is obtained.
To verify depletion of free ionic gold due to biomineralization,

D. acidovorans biofilm on the QCM surface is stressed with 60
μM of Au3+ and 10 μL aliquots of biofilm supernatant are
collected at regular time intervals for 14 h. These samples are
mixed with a TMB solution and absorption spectra between 500
and 800 nm are recorded (Figure 6c). The absorbance at 654
nm, and consequently the amount of free Au3+, gradually
reduces over time (Figure 6d) because of biomineralization by
the bacteria, providing independent evidence of the biominer-
alization process.

■ CONCLUSIONS
We have demonstrated that QCM sensors provide a cheap,
reliable, and user-friendly alternative to standard analytical
techniques to quantify gold ions, and monitor biofilm formation
and biomineralization byD. acidovorans in real time without any
special sample treatment and in conditions resembling the
native environment experienced by the microorganism. Since
QCM is nondestructive, further microbiological investigations
can be easily performed on the same sample. The comple-
mentary studies of D. acidovorans via QCM and AFM are in
good agreement with the results provided by a standard
colorimetric biomass assay, confirming the reliability of various
techniques employed for characterizing bacterial biofilms in this
work. The high temporal resolution and long-term stability
provided by the QCM system allows the detailed real-time
characterization of the gold biomineralization process for more
than 14 h after the soluble gold is added to the system. In
addition, measurement of the biofilm response at different
AuCl3 concentrations via QCM allows us to understand kinetics

Figure 5. D. acidovorans response at several concentrations of AuCl3
monitored using QCM. (a) The bacterial biofilm is first washed with
PBS until the QCM resonance frequency stabilizes. The micro-
organisms are then stressed with soluble gold (50 μMAuCl3), and both
frequency and dissipation are monitored for more than 14 h. The
vertical dashed line highlights the instant when 50 μM AuCl3 is added
to the system. The gold biomineralization and the subsequent gold
nanonuggets production yield a progressive decrease in the resonant
frequency of the gold coated quartz substrate. This is due to the
deposition of gold complexes on theQCM sensor, functionalized by the
bacterial biofilm. A decrease in the dissipation signal is also observed,
which indicates a gradual stiffening of thematerial that is in contact with
the QCM sensor surface due to the gold nanonugget formation. (b)
Frequency response of the biofilm-covered QCM sensor surface at
different concentrations of the soluble gold. Each data point
corresponds to the average frequency shift from at least three
independent experiments, with the error bars denoting the standard
deviation. A modified Hill model incorporating the viability staining
data is shown as a red solid curve.
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regulating the biomineralization performed by D. acidovorans,
which can be helpful in optimizing sensing procedures, waste
treatment, and bioremediation methods. Our studies have been
performed at 25 °C. However, since temperature is critical in
biological processes, further investigations will focus on the
temperature dependence of biofilm formation and biomineral-
ization. Since many bacteria and fungi are able to neutralize
heavy metals in solution,53−58 a reliable and cost-effective tool
like QCM offers unique advantages in understanding and
optimizing biomineralization processes for environmental
applications such as sensing of heavy metals, gold prospection,
and recovery.
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