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ABSTRACT: The emergence of antibiotic-resistant bacteria has
become a major public health concern, leading to growing interest
in alternative antimicrobial agents. The antibacterial activity of
metal nanoparticles (NPs) has been extensively studied, showing
that they can effectively inhibit the growth of various bacteria,
including both Gram-positive and -negative strains. The presence
of a protein corona, formed by the adsorption of proteins onto the
NP surface in biological fluids, can significantly affect their toxicity.
Understanding the effect of the protein corona on the antimicrobial
activity of metal NPs is crucial for their effective use as
antimicrobial agents. In this study, the antimicrobial activity of
noble metal NPs, such as platinum (Pt), silver (Ag), and gold (Au)
with and without the human serum albumin (HSA) protein corona against Escherichia coli strains, was investigated. In addition, the
plasmonic photothermal effect related to AuNPs, which resulted to be the most biocompatible compared to the other considered
metals, was evaluated. The obtained results suggest that the HSA protein corona modulated the antimicrobial activity exerted by the
metal NPs against E. coli bacteria. These findings may pave the way for the investigation and development of innovative
nanoapproaches to face antibiotic resistance emergence.

■ INTRODUCTION
The emergence of bacterial resistance to conventional
antibiotics has led to an urgent need for new antimicrobial
medicines. Despite many efforts in the development of new
antibiotics in the last 50 years, also due to the “innovation
gap”, the problem of bacterial resistance continues to worsen.1

Metal nanoparticles (NPs), such as gold (Au), silver (Ag),
copper (Cu), palladium (Pd), and platinum (Pt), have been
proposed as promising candidates as antimicrobial agents,
thanks to their ability to induce death or limit the growth of
microorganisms, due to their unique physicochemical proper-
ties, including a high surface area-to-volume ratio, high
reactivity, and stability. The exact mechanism of the action
of metal NPs is not yet fully understood, but it seems to
involve various mechanisms, such as oxidative stress,
disruption of cell membrane integrity, and DNA damage.2,3

Despite their promising antibacterial activity, the use of metal
NPs also raises concerns regarding their potential toxicity. In
fact, to safely use any nanomaterial in bioapplications, it is
crucial to ensure their bioactivity and biocompatibility. The
NPs’ interaction with various biomolecules, within a biological
environment, leads to structural and functional modification of
both the bio and metal entities. When metal NPs come into
contact with biological fluids or living systems, such as blood

or cell culture media, proteins and other biomolecules can
adsorb onto their surface, forming a protein corona, whose
properties depend on the size, shape, and surface properties of
the NP.4−6 The intrinsic function of a protein is strictly related
to its unique 3D structure, and therefore, even a small change
in the protein structure can significantly affect its function.
Depending on the characteristics of the protein corona, it can
be classified into two main types: soft and hard protein
coronas.7,8 A soft protein corona is characterized by dynamic
and reversible adsorption of proteins onto the NP surface. The
proteins in the soft corona are generally weakly bound. In
contrast to the soft protein corona, the hard protein corona
refers to a more stable and tightly bound layer of proteins on
the NP surface. The proteins forming the hard corona have a
higher affinity for the NP surface. Understanding the
differences between soft and hard protein corona formation
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is crucial for the design and development of metallic NPs for
various biomedical applications. The protein corona not only
affects the structure and function of the protein itself but also
alters the bioactivity of the coated NP. In some cases, the
protein corona may act as a protective barrier around the NPs,
reducing their direct interaction with bacteria and con-
sequently diminishing their bactericidal effects. On the other
hand, certain proteins in the corona may facilitate the binding
and uptake of metal NPs by bacteria, enhancing their
antimicrobial activity. The composition and nature of the
proteins in the corona depend on various factors, including the
surrounding biological environment and the physicochemical
properties of the NPs. Understanding the influence of the
protein corona on the bactericidal effect of metal NPs is an
active area of research to optimize their applications and
ensure their safety and efficacy. In this context, several studies
have investigated the impact of the protein corona on the
bactericidal potential of metal NPs and explored strategies to
prevent or enhance its effects. For example, it is well known
that silver nanoparticles (AgNPs) are ideal antimicrobial agents
due to their effectiveness against a broad spectrum of bacteria
and drug-resistant microorganisms.9 However, the interaction
of AgNPs with proteins may alter their inherent bactericidal
potential.10 In particular, it was found that the formation of the
bovine serum albumin (BSA) protein corona led to a decrease
in the bactericidal potential of the AgNPs against Escherichia
coli bacteria.10 In another study, it was demonstrated that BSA
could broaden the antibacterial capabilities of non-antibiotic
small molecule-capped AuNPs.1 The authors showed that BSA
could enhance the stability and antibacterial activity of AuNPs,
suggesting that albumin could be used as a protein corona to
improve the therapeutic efficacy of NPs.1 Similarly, the
antibacterial activity of monodisperse (BSA)-conjugated zinc
oxide NPs (ZnONPs) was explored.11 The study demon-
strated that BSA could stabilize and enhance the bactericidal
potential of ZnONPs, suggesting that protein corona formation
could be exploited to improve the antimicrobial activity of
NPs. In addition, the presence of a protein corona can impact
the immune response to NPs and affect the targeting and
delivery of drugs.12 Overall, these studies highlight the
significant influence of protein corona formation in the
biological activity of NPs, suggesting strategies for harnessing
the protein corona to control the therapeutic efficacy of NPs.
Metal NPs also offer the opportunity to achieve an effective

highly targeted photothermal effect, exploiting the conversion
of light into heat following the localized surface plasmon
resonance (LSPR) process.13 Due to its proven therapeutic
efficacy against bacterial infections and limited collateral effect,
photothermal therapy (PTT) has been proposed as a valid
alternative treatment against focused infections.14−17 There-
fore, combining a suitable protein corona with the photo-
thermal conversion of metal NPs could represent a promising
combined approach to enhance the efficiency of antimicrobial
nanosolutions.18

In this study, we have considered three highly stable
colloidal solutions of spherical Pt, Ag, and Au plasmonic NPs.
The NPs were produced by employing pulsed laser ablation in
liquid (PLAL) in order to obtain NPs without any kind of
contaminants. Then, NPs were incubated with human serum
albumin (HSA). The HSA protein corona formation on the
three metallic NPs was investigated by means of spectroscopic
and morphological analysis. The antibacterial properties of the
NPs with and without the HSA protein corona were

investigated against the E. coli strain. PtNPs and AgNPs
showed increasing cytotoxic effects as a function of the used
concentrations, while AuNPs proved to be the most
biocompatible at all of the concentrations taken into
consideration. The presence of an HSA protein corona
mitigated the antimicrobial effect of the three metallic NPs.
Finally, the photothermal properties of AuNPs were suitably
employed to locally increase the temperature in E. coli inducing
a reduction in cell growth, improved by the presence of the
HSA protein corona. The HSA protein corona did not affect
the photothermal heating of AuNPs.
This study elucidates the mitigation mechanism of the

antibacterial effect performed by the protein corona on
different types of metal NPs and suggests that a synergistic
use with the photothermal properties of these classes of
nanomaterials can provide a valid contribution to the fight
against antibiotic resistance. Understanding the dynamic
interactions between metal NPs, HSA, and bacteria is essential
for evaluating the overall bactericidal effect and optimizing the
design and application of NP-based antimicrobial systems.

■ EXPERIMENTAL SECTION
Materials. Fatty acid-free and globulin-free human serum

albumin (type A-3782, purity approximately 99%) was
purchased from Sigma-Aldrich (St. Louis).
Synthesis of Platinum, Silver, and Gold Metal

Nanoparticles. NPs were produced by PLAL employing a
NdYAG laser (Quanta System PILS-GIANT) operating with a
1064 nm laser wavelength, a pulse duration of 6 ns, a fluence of
64 J cm−2, and a laser frequency of 10 Hz. The laser was
focused on a target immersed in Milli-Q water using a 5 cm
focal lens. The focal plane of the laser beam was chosen inside
the target for obtaining a laser crater of (1 ± 0.2) mm. All
targets were purchased from Kurt J. Lesker Company (99.999
% pure pellet for Au, 99.99% pure pellet for Ag and Pt). Before
the NP production, each target was accurately cleaned first by
lapping the surface with an aluminum oxide 150 mesh and
then by washing it with soap followed by several rinses with
Milli-Q water in a sonicator.19 The concentration and size of
NPs were measured with SPR and DLS, respectively.
Protein Corona Preparation. The three colloidal

solutions of metal NPs were incubated with 25 μM HSA for
24 h. The HSA concentration was chosen in order to operate
in excess of protein. The obtained NP solutions were
centrifuged for 1 h at 20,000g to remove the unbound
proteins. The supernatant was eliminated and the remaining
NP pellet was resuspended in ultrapure water. This procedure
was repeated three times to ensure that all unbound proteins
were removed.
Characterization of Metal Nanoparticles. Dynamic

Light Scattering. DLS measurements were performed using a
Zetasizer-Nano ZS from Malvern Instruments. The measure-
ments were carried out at 25 °C in backscattering mode and at
a fixed detector angle of 173°. Four replicas were acquired for
each sample.

UV−vis Spectroscopy. UV−vis absorption spectra were
acquired with a UV−vis Spectrophotometer (Cary 5000,
Agilent Technologies).

Transmission Electron Microscopy. In order to observe the
protein corona, that was formed around the metallic NPs, the
samples were first diluted with 1 mL of water and then 2 μL
were placed onto a lacey grid and let to dry. The TEM was
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operated at 120 kV. Gadolinium acetate tetrahydrate (10 %w)
was added as a contrast agent to label HSA.
Scanning Electron Microscopy. SEM (scanning electron

microscopy) images were acquired using a quanta FEG 400
(FEI) in high vacuum mode and an ETD (Everhart−Thornley
Detector) sensor type by dehydrating both E. coli and E. coli +
AuNPs and E. coli + AuNPs + HSA solutions on glass ITO
chips.
Circular Dichroism Spectroscopy. Circular dichroism (CD)

spectra were recorded with a Jasco J-1700 spectropolarimeter
in a quartz cuvette with a 2 mm path length in the range of
190−260 nm, under constant N2 supply. The spectra were
measured in triplicate with a scan speed of 50 nm/min, a
bandwidth of 1.0 nm, a resolution of 0.2 nm, and a PMT
voltage of below 600 V. The baseline was subtracted using
water as a blank. The raw CD signal (θ) was then converted to
mean residue molar ellipticity (θMR) using the following
equation

C l
RMR[ ] = · ·

(1)

where C is the protein concentration, l is the cuvette path
length (2.0 mm), and R is the number of amino acid (AA)
residues (585 for HSA). The CD spectra were analyzed for
secondary structural elements using the software package CD
Multivariate SSE.
Bacterial Strain and Growth Conditions. This study

was carried out on the E. coli strain JM109 (Stratagene, La
Jolla, CA) (e14(McrA−) recA1 endA1 gyrA96 thi-1 hsdR17
(rK− mK+) supE44 relA1 Δ(lac-proAB) [F’ traD36 proAB
lacIqZΔM15]) cultured in Luria-Bertani broth, containing 5 g/
L yeast extract, 10 g/L tryptone, and 10 g/L sodium chloride,
at 37 °C under agitation. The bacterial strain was kept frozen
in stock cultures at −80 °C in cryovials.
Vital Count. Approximately 107 cells from an overnight

culture were inoculated into a 96-well plate containing 200 μL
of serial dilutions of the NPs as well as HSA (2.5−12.5) μM.
The tested ranges of concentrations for the three metallic NPs
are 0.66−3.3 nM for PtNPs, 0.39−1.95 nM for AgNPs, and
1.28−6.4 nM for AuNPs. Plates were shaken at 300 rpm at 37
°C for 18 h. In all experiments, media with (positive control)
and without (negative control) cells and free of NPs were also
analyzed to check the microbial growth and sterility,
respectively. Turbidity measurement was performed at 600
nm in a spectrophotometer. The vital count was determined by
subculturing diluted samples in LB medium, plating by

diffusion on LB-agar medium, and incubating at 37 °C
overnight. At the end of the incubation, the colonies were
counted. The total number of viable cells was determined by
multiplying the average number of colonies counted by the
adopted dilution factor.
Photothermal Experiments. The thermo-optical experi-

ment was performed with a customized thermo-optical setup
with a resonant CW green laser (gem532, Laser Quantum,
Stockport, UK) with a wavelength of 532 nm overlapping the
plasmonic band of AuNPs to induce the light-triggered
localized heating. The sample, contained in a glass tube, was
photoexcited from above, with the laser (beam diameter = 8
mm) incident perpendicularly at the center. The spatial
temperature distribution and the temperature−time profile
were investigated with a high-resolution thermal camera (FLIR
A655sc, FLIR System, OR). The software FLIR Research IR
Max was used for monitoring and analyzing IR image
sequences acquired during laser irradiation. The sample
emissivity was set to 0.89 (glass tube), and the camera−
sample working distance was 20 cm.
Statistical Analysis. Statistical analyses were performed

using SPSS 20.0 statistical software (SPSS Inc., Chicago, IL).
One-way analysis of variance (ANOVA) and Student’s t-test
were adopted. The significance level was defined as p ≤ 0.05.

■ RESULTS AND DISCUSSION
Spectroscopic and Morphological Analysis of Metal

NPs. In this work, both NPs and NP−protein conjugates were
employed for the experiments. The chosen NPs were AuNPs,
AgNPs, and PtNPs, while HSA was incubated with AuNPs,
AgNPs, and PtNPs to obtain nanoparticle protein conjugates.
HSA, which has free cysteine residue, shows a high affinity for
the surface of the noble metal due to the presence of a single
free exterior thiol. It is well known that the interaction between
proteins and NPs can be dependent on the NP size.20−22 The
NP curvature can influence the adsorption of protein on the
NP surface inducing conformational changes of the protein
with respect to the native structure. First, it was observed that
the adsorption of the protein on flat macroscopic surfaces can
induce more severe conformational variations than those
observed on NP surfaces. In the case of NPs with different
sizes, this variation can be more intense for larger NPs (low
curvature) than that obtained with smaller NPs (high
curvature). In addition, the kinetic of adsorption greatly
changes with the variation of curvature. Several studies have
been already carried out in the literature on the influence of

Figure 1. Normalized UV−vis spectra of the bare (blue curves) and with the HSA protein corona (red curves): (a) PtNPs, (b) AgNPs, and (c)
AuNPs.
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the NP size on the HSA structure.20,23 In this work, we choose
to study the interaction between the NPs at fixed dimensions
with the albumin, avoiding the introduction of too many
parameters that can vary the interaction between NPs and
albumin. Here, the size of NPs was chosen around 10 nm,
which has small curvature useful to avoid the interaction
between the proteins near one another on the surface.
Moreover, it has been demonstrated in ref 24 and in the
next paragraph that after the interaction with the spherical
AuNPs, albumin undergoes only minor conformational
changes in α-helices, which makes this protein suitable for
forming stable AuNP−protein conjugates. The employment of
different noble metals composing the NPs with similar sizes
gives us the opportunity to study the influence of these noble
metals on the interactions between the NP−protein conjugates
and the bacteria.
A careful optical and morphological characterization of the

three spherical metal NP solutions, as synthesized and with the
presence of HSA, was performed. The absorption spectra of
the three colloidal solutions, of platinum (PtNPs), silver
(AgNPs), and gold (AuNPs), in a water-based solution, are
reported in Figure 1a−c. From the spectra of the bare NPs
(blue curves), it is possible to see the typical plasmon peak, for
PtNPs, AgNPs, and AuNPs centered at λLSPR = (227.5 ± 0.3)
nm, λLSPR = (412.8 ± 0.3) nm, and λLSPR = (519.7 ± 0.3) nm,
respectively.
The LSPR peaks of the three NPs underwent a red shift after

the interaction with HSA (red curves), equal to 3.3 nm for
PtNPs, 6 nm for AgNPs, and 2.6 nm for AuNPs. Such a red
shift is caused by the change in the refractive index
surrounding the metal NPs, as previously reported in the
literature;25 the red shift represents clear evidence of the
presence of a protein coating, disposed of like a protein corona
on the NP surface.25 In the AgNPs and AuNPs spectra, after
the HSA adsorption (red curves, Figure 1), the HSA
absorption peak at around 278 nm arising from aromatic
amino acid residues is also evident.26 In the PtNPs + HSA
absorption spectrum, the HSA peak overlaps the plasmonic
band, so it is not possible to distinguish it. From the plasmon
peak shift, it is possible to approximately derive the HSA
corona thickness using the following formula23,27

e0, 18
S
D

0

( )/0,22=
(2)

where Δλ/λ0 is the fractional plasmon shift, S is the distance
between the NP surface and the protein, D is the NP diameter,
and 0.22 is the decay constant for the universal trend of plot
Δλ/λ0 versus S/D.28 Taking into account an averaged diameter
of 10 nm (below the values from DLS measurements are
reported) and using eq 2, the corona thickness turns out to be
about 5.75 nm for PtNPs, 5.54 nm for AgNPs, and 7.88 nm for
AuNPs. Equation 2, known as the ruler equation, provides
information about the interparticle separation of NPs
considering the absorption spectral shift, and it has already
been used in other works to obtain an approximative
estimation of the thickness of the absorbed protein layer on
the NPs’ surface.23,27,29 The difference in the thickness
obtained is in accordance with other studies, showing that
the formation of the protein corona depends on the
composition of the NPs (core material) and its size.30 In
addition, it was proved that the number of protein binding sites
on the NP surface depends strictly on the NP and protein
sizes.31 It is worth emphasizing that the shift in the LSPR band
of NPs is not followed by any peak broadening or noticeably
higher baseline, indicating that the change in the LSPR band’s
position is mostly caused by HSA binding on the NP surface
rather than NP aggregation.32 The absence of aggregation is
also demonstrated by the absence of a color change in the
colloidal solutions before and after the addition of the HSA
(see Figure S1 in the Supporting Information). To confirm the
LSPR results of the NP−protein corona formation, DLS
measurements were performed on the bare NPs and on the NP
+ HSA conjugates, whose preparation was reported in the
section Materials and Methods. As already told, the number of
proteins needed to bind the whole surface of the NPs depends
on both sizes of NP and protein. The averaged hydrodynamic
diameters, measured from the DLS NP size distributions, were
(10 ± 2) nm, (9 ± 3) nm, and (10 ± 2) nm for PtNPs, AgNPs,
and AuNPs, respectively. The NP + HSA conjugate hydro-
dynamic diameters were (30.5 ± 3) nm, (18.0 ± 3) nm, and
(21.6 ± 3) nm for PtNP + HSA, AgNP + HSA, and AuNP +
HSA, respectively. These results, within the error of measure-
ment, confirm the HSA thickness calculated with the red shift
of the LSPR peaks. Taking into account that DLS average

Figure 2. Transmission electron microscopy (TEM) image of PtNPs (first column), AgNPs (second column), and AuNPs (third column)
incubated with HSA for 24 h. Red curve lines are added to better highlight the protein corona. The scale bar is 100 nm.
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diameters of both NP (dNP) and NP+protein conjugate
(dNP+HSA) were measured, the thicknesses ((dNP+HSA − dNP)/
2) of the protein coronas were 9.9 nm (PtNPs + HSA), 4.5 nm
(AgNPs + HSA), and 5.3 nm (AuNPs + HSA). By considering
the HSA gyration radius of 2.6 nm33 and considering in first
approximation the HSA shape as a sphere in physical contact
with the NP surface, we can see how the found values are
similar to the diameters of the HSA, except the one obtained
for the PtNP+HSA conjugate. Here, we cannot exclude the
possibility of the formation of more than one corona.
The morphological analysis, conducted with transmission

electron microscopy (TEM), on the NP solutions highlighted
the absence of aggregates, before and after the formation of the
protein corona. The HSA corona presence is confirmed by the
TEM analysis reported in Figure 2, where the presence of a
halo around the NP surface occurred after the interaction with
the protein. Clear visualization of the protein corona by TEM
analysis was only possible around the NPs characterized by a
diameter greater than 50 nm, even if this diameter is not
representative of the average size of NPs. This last was around
10 nm for all NPs considered here, as measured with LSPR
and DLS techniques and visible from the TEM images
themselves. However, this visualization is not indicative that
the protein corona is not present even on the smallest NPs.
The plasmon shift (Figure 1) and the hydrodynamic diameters
of NP + HSA conjugates reported in the previous sections
confirm the adsorption of HSA on the surface of small NPs,
too.
We further monitored the interaction between metallic

nanoparticles and HSA using circular dichroism (CD)
spectroscopy. The CD spectrum of the free HSA in water
(Figure 3, black curve) is characterized by the strong positive
peak at 191 nm, due to the π → π* transition, and two weaker
but broader negative peaks at 209 and 222 nm, due to the π →
π* and n → π* transitions, respectively, typical of proteins that
mainly present an α-helical structure.34 In particular, by
analyzing the CD spectra with JASCO secondary structure
estimation software, with an optimized ad hoc calibration
model, we calculated 61.9% of the α-helix, 13.3% of the β-
sheet, 8.8% of turn, and 16.1% of other structures (see Table
1). Then, to monitor the HSA secondary structure in the
presence of the three metallic nanoparticles, the CD spectra of
PtNPs, AgNPs, and AuNPs incubated with HSA for 15 min
and 24 h were recorded and analyzed. In the presence of NPs,
the intensity of these bands decreased to different extents,
depending on the metal NPs, without any shift of the peaks,
and an isodichroic point was observed at 201.4 nm. The

isodichroic point indicates the presence of two-state dichroic
models (bound and unbound states) during the interaction
with NPs.8 Figure 3a−c shows a decrease of CD signals at 191,
208, and 222 nm, highlighting the fact that HSA + NPs
interactions take place and influence the HSA secondary
structural elements. The drop denotes the decrease in the α-
helical component content of the protein. CD spectra of NPs
were also recorded in the absence of HSA, showing no CD
signal, as the spherical nanoparticles are inherently achiral.
Therefore, one may consider that the presence of nanoparticles
in the protein + NPs conjugates should not affect the CD
signal of the protein, assuming that the protein conformation is
retained after conjugation. So, this result clearly proved that
the protein is interacting with the nanoparticles causing a
change in its secondary structure. In detail, the calculated
fractions α-helix secondary structure of HSA after 15 min of
incubation with the nanoparticles changed from 61.9% (±2%)
to 56.1% (±2%) with PtNPs, to 71.9% (±2%) with AgNPs,
and to 50.7% (±2%) with AuNPs.
In addition, CD spectroscopy could be used to distinguish

the formation of a soft corona from a hard protein corona by
looking at the preservation of the HSA secondary structure
after the incubation with nanoparticles. In particular, if the
secondary structure is preserved, showing small differences
with respect to the native state, it is assumed that the HSA
formed a soft corona around NPs; otherwise, if the secondary
structure is partially lost, then the protein corona can be
defined as a hard corona.7,35 The CD spectrum observed for
PtNPs + HSA and AuNPs + HSA after 15 min showed a
partial unfolding of α-helices, from 61.9% (±2%) to 56.1%
(±2%) and to 50.7% (±2%), respectively (Figure 3a,b),
suggesting a rapid hard interaction, while the absence of
significant changes in the CD spectra of AgNPs+HSA after 15

Figure 3. Circular dichroism spectra, reported in mean residue molar ellipticity θMR, of HSA and (a) PtNPs, (b) AgNPs, and (c) AuNPs incubated
with HSA for 15 min (1) and 24 h (2).

Table 1. Calculated Fractions of Different Secondary
Structures in % for HSA and PtNPs, AgNPs, and AuNPs
Incubated with HSA for 15 min (1) and 24 h (2)a

α-helix (%) β-helix (%) turn (%) others (%)

HSA 61.9 13.3 8.8 16.1
PtNPs + HSA_1 56.1 14.1 10.7 19.2
PtNPs + HSA_2 35.0 24.5 11.6 28.8
AgNPs + HSA_1 71.9 10.1 6.9 11.2
AgNPs + HSA_2 44.2 24.5 8.4 23.0
AuNPs + HSA_1 50.7 7.8 15.0 26.3
AuNPs + HSA_2 19.7 41.4 14.0 24.8

aThe fitting percentage uncertainty is 2%.
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min of incubation suggests the presence of soft interaction
(Figure 3c). After 24 h of incubation, the fractions of α-helices
drastically decrease for all three metal NPs. These conforma-
tional changes can be attributed to the direct adsorption of
HSA onto the NP surface and the free energy minimization
within this newly formed complex.7 These results show that
variations in HSA CD signals after the addition of Au/Ag/
PtNPs can be assigned to the local conformational alterations
in HSA owing to the interaction. However, the shape and
location of the peak indicate that the HSA fundamental
structure as a bio-macromolecular model is unaffected.36 The
summary of the secondary structure content of all of the
samples is reported in Table 1. In addition, CD spectra were
collected at three different incubation times of 6, 12, and 24 h
to monitor the stability of the protein corona (see Figure S3 in
the Supporting Information).
Antibacterial Activity of Metallic NPs on E. coli. The

growth inhibition activity of the three metallic solutions was
tested on E. coli in the Luria-Bertani (LB) medium at different
concentrations of the NPs. Figure 4, upper row, shows the
growth curve of E. coli suspended in contact with different NP
concentrations for 24 h, normalized to the control value
without NPs. The culture plates were analyzed after the
incubation of E. coli in the incubator with a constant
temperature of 37 °C for 24 h with NPs, before counting
the number of colonies. The tested range of concentrations for
the three metallic NPs was (i) (0.66−3.3) nM for PtNPs, (ii)
(0.39−1.95) nM for AgNPs, and (iii) (1.28−6.4) nM for
AuNPs.
The choice to consider different concentrations of the three

metallic solutions was dictated by the well-known and different
antibacterial properties of the three considered metals.37,38 In
addition, we observed that with the PLAL technique, solutions
of the three considered metals characterized by higher
concentrations result to be unstable, with consequent
precipitation of the metals after few days.
The growth inhibition curve of E. coli in the presence of

PtNPs showed a gradual decrease with the increase of the NP

concentration, reaching a growth reduction of 62% with a
concentration of 2.6 nM.
The bacteria growth inhibition effect of AgNPs showed a

similar trend, inducing a reduction of 56% of vitality for a
concentration of 1.95 nM. AgNPs resulted in superior bacterial
growth inhibition with smaller concentrations of NPs, as
expected from the literature.38 The bacteriostatic effect
induced by AuNPs revealed a completely different trend.
AuNPs were almost completely biocompatible up to
concentrations of 5.12 nM, while at the highest concentration
of 6.4 nM, they induced a 50% decrease in bacterial growth.
These results illustrate that higher concentrations of metallic

NPs are more efficient in inhibiting E. coli growth, indicating
that the antibacterial efficacy is concentration dependent and
also related to the material used.
From Figure 4, upper row, the bacterial colonies left after 24

h of NP incubation at the maximum concentration, with
respect to the nontreated colonies, can be observed.
Before testing the NPs with the HSA corona, control

experiments to avoid any possible cytotoxic effect due to the
mere presence of the protein were carried out, showing the
absence of inhibition for all of the tested concentrations of
HSA (2.5−12.5 μM) as reported in Figure S2in the Supporting
Information.
To investigate the role of the protein corona around the

three metallic NPs on E. coli growth, the same experiments
with the same concentrations used for NPs without HSA were
performed. As shown in Figure 4, lower row, the presence of an
HSA corona significantly decreased the bacterial inhibition
effect with respect to the one obtained with bare NPs, for all of
the metal NPs used. The growth inhibition induced in this case
never exceeded 20%, as evidenced by the dashed gray line
drawn on the three curves in Figure 4, lower row. Taken
together, these results suggest that the formation of an HSA
corona on the NP surface protects E. coli from the antibacterial
activity, creating a biocompatible coating around the metals.
This result is in accordance with a study10 that showed the loss
of the bactericidal potential of AgNPs due to protein corona
formation. In addition, another study affirmed that the

Figure 4. Antibacterial activity of the three metal nanoparticles, as synthesized (upper row) and with HSA corona (lower row) against E. coli, as a
function of increasing NP concentration. The values represent the mean of three independent triplicate experiments with standard error.
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interaction of AgNPs with serum albumin in the blood can
alter their antibacterial effects.39 Different possible explan-
ations about the mitigation of the cytotoxicity played by the
HSA corona were given, such as the biodegradation of Ag ions,
the decline of the agglomeration rate, and the reduction of
reactive oxygen species.40 Figure 5, lower row, further confirms
the biocompatible capping effect of HSA, as evidenced by the
presence of a greater number of bacterial colonies than those
found with the same concentrations of NPs alone (Figure 5,
upper row).
Time-dependent studies were also performed to assess the

growth inhibition of E. coli in the presence of AuNPs (6.4 nM)
with and without the HSA corona at different incubation times
(6, 12, 24 h) to observe any temporal changes in the inhibitory
effect and obtain information on the kinetics of bacterial
growth inhibition (see Figure S5 in the Supporting
Information).
Scanning electron microscopy (SEM) analysis was carried

out to examine the morphology and interaction of the metallic
NPs with E. coli in the presence and absence of the HSA
corona. This analysis provides visual evidence of the binding
and localization of AuNPs on and near the bacterial cell
membrane, in both cases (see Figure S4 in the Supporting
Information).
To broaden the scope of the study and assess the

generalizability of the results, some preliminary cell viability
tests, with NPs and NPs+HSA for 24 h incubation, were
performed on two pathogenic bacteria strains. In particular, we
have chosen Enterococcus faecalis (E. Faecalis), which is a
Gram-positive bacteria, and Chromobacterium Violaceum (C.

Violaceum), which is a Gram-negative bacteria (data not
shown). For all bacterial strains, and the concentrations of NPs
tested, the presence of the protein corona seems to exert a
protective effect, decreasing and in some cases completely
canceling the antimicrobial efficacy of the metal NPs. These
preliminary results, although promising, need to be replicated
and will be the subject of future studies.
Photothermal Experiments. AuNPs were tested to

investigate their photothermal conversion efficiency when
exposed to a 532 nm wavelength laser source in resonance with
their LSPR peak. The colloidal solution was irradiated for 10
min with different laser intensities from 0.17 to 2.74 W cm−2.
The maximum temperature reached as a function of time was
monitored by using a photothermal camera. The time−
temperature curves are reported in Figure 6a.
As theoretically expected,13,41 the photothermal response

increased with increasing irradiation intensity (I), and it is well
described by a linear trend (see Figure 6b). With higher laser
intensity, after 10 min of irradiation, the maximum temper-
ature (Tmax) reached in the AuNPs sample was 62 °C (see
Figure 6a). These temperature values are sufficient for
irreversibly injuring biological samples, (including viral
particles, bacteria, tumoral cells),42 leading to a dramatic
activation of cell death above 48 °C and instantaneous and
irreversible protein denaturation above 60 °C.43 The photo-
thermal efficiency of AuNPs is directly related to the
absorption cross sections σabs and inversely related to the
sum of the absorption and scattering cross sections (σabs +
σsca). For small spherical AuNPs (d ≈ 10−20 nm), the σsca is
negligible; thus, the photothermal efficiency is comparable to

Figure 5. Photographs of colonies of E. coli incubated on agar plates obtained from cultivated suspensions with different metallic NP solutions (at a
higher concentration), with (lower row) and without (upper row) the HSA protein corona.

Figure 6. Photothermal characterization of the gold nanoparticles. (a) Time−temperature dependence of gold nanoparticles dispersed in water
under pump beam illumination. (b) Linear fit of the temperature variation versus the intensity of the pump beam. The coefficient R2 = 0.99
indicates the goodness of fit.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c03774
ACS Omega 2023, 8, 31333−31343

31339

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c03774/suppl_file/ao3c03774_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c03774/suppl_file/ao3c03774_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03774?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03774?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03774?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03774?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03774?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03774?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03774?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03774?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03774?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


1.44 Encouraged by the excellent photothermal performance of
the AuNPs, it was decided to carry out photothermal therapy
experiments by irradiating the E. coli bacteria containing the
AuNPs (5.12 nM) at different irradiation times (10, 15, 20
min). The results of the photothermally induced antibacterial
effect of AuNPs containing the E. coli sample, as a function of
the illumination time, are shown in Figure 7a. The E. coli
sample incubated with AuNPs reached 52.5, 57.9, and 60.8 °C
after 10, 15, and 20 min of laser irradiation, respectively. Figure
7c provides a representative thermographic image of the
sample E. coli + AuNPs after 20 min of laser irradiation,
showing a uniform distribution of the phototriggered heating.
These temperatures induced a reduction of the cell viability of
39, 42, and 60% respectively, showing a trend of viability
reduction depending on the radiation dose. To investigate the
effect of the HSA corona on thermally induced inhibitory
capabilities, the same photothermal experiment was performed
with AuNPs + HSA at the same concentration. The maximum
temperatures reached for the E. coli samples with AuNPs+HSA
were 50.6, 57.1, and 60.2 °C after 10, 15, and 20 min of laser

irradiation respectively, so comparable with those obtained in
the absence of the protein corona. The photothermal heating
of AuNPs + HSA was not affected by protein corona
formation, as observed in other photothermal applications.45

Although the temperatures reached are almost identical to
those obtained in the absence of HSA, the effects induced on
bacterial growth are significantly different (see Figure 7a). The
results obtained in the presence of the HSA corona
demonstrated an enhancement of the antibacterial effects
induced by the photoexcited AuNPs. The obtained reduction
of the cell viability was 64% for 10 min of laser irradiation, 66%
for 15 min of laser irradiation, and 70% for 20 min of laser
irradiation. It is worth noting that the control experiments
conducted by irradiating E. coli without the addition of AuNPs
did not show any temperature change (see Figure 7b) and,
consequently, no reduction in cell viability, highlighting that
the inhibition effect is induced by the presence of plasmonic
nanoheaters and not by the visible laser. The absence of
photoinduced temperature increase in the E. coli sample after
20 min of irradiation can be clearly deduced from the infrared

Figure 7. (a) Results of the viability experiments carried out with and without AuNPs and AuNPs+HSA at three different illumination times, along
with representative infrared thermographic images of (b) E. coli and (c) E. coli + NPs samples after 20 min of laser irradiation. The values represent
the mean of three independent triplicate experiments with standard error.

Figure 8. Schematic representation of the interaction between HSA and AuNPs, and the effect on E. coli bacteria with and without 532 nm laser
irradiation.
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thermograph shown in Figure 7b. The results obtained, in the
case of AuNPs with the protein corona, can be explained by
taking into account that HSA guarantees the anchoring of the
protein−NP bioconjugate to bacteria, facilitating their
absorption and the consequent rupture of the membrane due
to the high localized increase of the photoinduced temperature.
These findings (schematically represented in Figure 8) can be
attributed to the altered NP surface characteristics known to
enforce cell adhesion and cellular uptake.46

■ CONCLUSIONS
In summary, we have evaluated the antimicrobial effect of Pt/
Ag/AuNPs obtained with the PLAL technique against E. coli
bacteria in the presence or absence of the HSA protein corona.
HSA is one of the most abundant proteins found in human
blood plasma and can readily adsorb onto the surface of NPs.
Importantly, for the concentration of HSA and metal NPs
considered in this study, HSA mitigates the metal NP toxicity
against E. coli bacteria. Among the three metals tested, as
expected, albeit considered a higher concentration than the
other two metals, Au proved to be the most tolerated by
microorganisms, without inducing significant effects on
bacterial growth. AuNPs with and without the HSA corona
demonstrated a high photothermal conversion efficiency and a
significant photoinduced effect improved by the presence of
HSA. Our study suggests that HSA represents a biocompatible
coating for metal NPs; NPs + HSA corona-mediated
photothermal therapy is a convenient strategy for bacteria
treatment and enhances the potential of NP antimicrobial
applications.
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