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Abstract Antibacterial resistance has been associ-
ated with significant morbidity and mortality, leading 
to increased costs due to prolonged hospitalization. 
In this study, we report the synthesis of amoxicil-
lin-functionalized gold nanoparticles (AuNPs@
amox) through the chemical reduction of [0.01  M] 
HAuCl4 with [0.001  M] of amoxicillin in a single 
step. Amoxicillin, a β-lactam antibiotic can reduce to 
 Au0 through the protonated amino group present in 
its molecular structure. Multidrug-resistant bacteria, 
Staphylococcus aureus and Acinetobacter baumannii 
were used. Both were isolated from clinical samples 
and were resistant to Amoxicillin, so it was chosen for 
functionalization to evaluate its effect on the resistant 
bacteria.
It was obtaining AuNPs@amox with a bimodal size of 
9 ± 2 nm, smaller ones of 1 ± 0.6 nm, and amoxicillin 

loading of 27.5% on their surface. X-ray photoelec-
tron spectroscopy (XPS) analysis revealed an elec-
trostatic bond between sulfur and the amino group 
of the antibiotic. Colloidal stability was evaluated 
through zeta potential and hydrodynamic diameter 
in trypticase soy broth (0.5X), resulting in -14.1 mV 
and 138 ± 10  nm, respectively. The AuNPS@amox 
exhibits antibacterial properties against the resistant 
strains Acinetobacter baumannii and Methicillin-
resistant S. aureus (MRSA), inhibiting up to 77% and 
80%, respectively. Upon internalization of AuNPs@
amox into the cell, it induces ruptures in the cell wall, 
leading to cell lysis. It also disrupted the production 
of biofilms at 10 µg/mL.
This work aims to contribute to developing a system 
that improves drug transport in resistant bacteria—
generating high inhibition and significant damage to 
the resistance mechanisms of resistant bacteria, using 
very low concentrations to mitigate side effects.

Keywords Amoxicillin · Antimicrobial resistance · 
Biofilm generation · Efflux pumps damage · Gold 
nanoparticles

Introduction

Antimicrobial resistance (AMR) is a natural phe-
nomenon in bacteria. However, the overuse of anti-
biotics and the spread of resistant genes have led to 
the development of various biochemical resistance 
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mechanisms [1, 2]. AMR has resulted in the loss of 
millions of dollars and numerous deaths per year [3, 
4]. Projections for 2050 suggest ten million deaths 
annually among patients infected by this group of 
bacteria [5].

Most antibiotics are designed to inhibit cell wall 
synthesis, DNA replication, and protein synthesis 
[6]. However, bacteria have adapted to evolve various 
biochemical mechanisms to evade these antimicro-
bial targets, such as the generation of biofilms, excre-
tion of efflux pumps, changes in the permeability of 
their membrane, and cell wall. Resistant pathogens 
can destroy the drug target through enzymatic inac-
tivation, such as β-lactamase enzymes that damage 
β-lactam antibiotics [7–9]. An example of such anti-
biotics is amoxicillin, a penicillin derivative whose 
primary function is to inhibit the connection between 
the linear peptidoglycan chains forming the bacteria 
cell wall [10].

Traditional antibiotics often fail to eradicate resist-
ant bacteria, leading to an increased search for new 
tools. Several researchers have reported that the use 
of metal nanoparticles (MNPs) has gained interest 
due to their intrinsic properties. The antibacterial 
effect of MNPs is highly dependent on their physico-
chemical characteristics, such as size, surface area, 
and charge [11]. These properties can be manipulated 
by controlling pH, temperature, precursor concentra-
tion, and reaction time [12, 13]. The size and shape 
play a key role against resistant bacteria due to their 
surface-to-volume ratio, resulting in higher surface 
particle activity with the site of interest [14]. The use 
of MNPs in the medical field has opened up oppor-
tunities for extensive research into their antibacterial 
mechanisms. The degradation or inhibition of bio-
film generation, interaction and penetration of the cell 
wall, production of reactive oxygen species (ROS), 
damage to efflux pumps, and interaction with meta-
bolic pathways, DNA, and proteins are among the 
different antimicrobial mechanisms that have been 
reported for MNPs [15–17].

Gold is a metallic material that has been synthe-
sized in different morphologies and sizes [16]. One 
method to synthesize gold nanoparticles (AuNPs) is 
colloidal chemical synthesis. Likewise, gold, being 
a multivalent metal, allows binding to many types of 
ligands, making it ideal for medical applications [17]. 
The chemical precipitation of gold nanoparticles also 
offers several advantages, such as controlling the size 

distribution, minimizing agglomeration and aggrega-
tion of particles, and the simplicity of the synthesis 
process [16].

The use of plant extract [18] or cell-free superna-
tant of microorganisms [19] has been employed for 
the synthesis of gold nanoparticles. These nanopar-
ticles have demonstrated efficacy in inhibiting the 
growth of bacteria such as MRSA and E. coli [19], 
Pseudomonas aeruginosa, Bacillus subtilis, as well as 
fungi such as Aspergillus niger [20]. Gold nanoparti-
cles’ biosynthesis has also been shown to efficiently 
inhibit biofilm formation [21, 22], exhibit antican-
cer activity against HepG2 cancer cell lines [21] or 
adenocarcinoma cells (Mcf7-HTB-222) [22] and liver 
cancer cell-lines HepG2 [20], and even demonstrate 
antioxidant activity [22, 23].

Recently the conjugation of AuNPs with antibiot-
ics and the trend of enhancing the antibacterial capa-
bilities of the latter have been studied [24–33]. This 
approach reduces the need for high doses to mitigate 
the side effects that may develop in the human body 
when antibiotics are used. Recent studies have shown 
an increase in bacterial susceptibility to antibiot-
ics such as amikacin, vancomycin, amoxicillin, and 
ampicillin, when conjugated with different types of 
nanoparticles. This positions it as a promising path-
way for research against antimicrobial resistance gen-
erated by bacteria [34–37].

Such was the case of Mohamed 2020, when syn-
thesizing AuNPs with a size of 8  nm loaded with 
ampicillin and amoxicillin they found a potential anti-
bacterial agent against resistant pathogens with low 
cytotoxicity [32]. Rocca et. al., demonstrated a reduc-
tion of biofilm formation up to 70% in Gram-negative 
bacteria and 60% in Gram-positive bacteria using 
amoxicillin-conjugated AuNPs with short periods of 
irradiations [38].

On the other hand, Hasoon et. al., biosynthesized 
ciprofloxacin-conjugated AuNPs with sizes below 
20 nm. These were shown to have a more pronounced 
inhibitory effect on K. pneumoniae and S. pneumo-
niae clinical isolates compared to ciprofloxacin or 
AuNPs alone, causing significant damage to biofilm 
formation [39].

Giráldez-Pérez et. al., have succeeded in develop-
ing AuNPs nanocomplexes from amoxicillin, using 
a deoxyribonucleic acid (DNA) biopolymer as a 
functionalization medium with an average size of 
3 nm. In this study, they generated a synergy between 
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AuNPs and amoxicillin, causing a response to oxida-
tive stress and interaction with the cell membrane and 
enhancing the antimicrobial capacity of amoxicillin 
and AuNPs compared with their free form [40].

In the research conducted by Halawani et. al., they 
used Juniperus excelsa extract for the biosynthesis 
of AuNPs by conjugating them with amoxicillin and 
sodium tripolyphosphate to anchor the antibiotic to 
the surfaces of the nanoparticles and obtaining an 
approximate size of 24 nm. They report an increase 
in the inhibition of resistant strains by 83 times at low 
concentrations against MRSA and E. coli, with an 
antibiotic release of 90% after 3 days [19].

Finally, Jawad et. al., managed to biosynthesize 
AuNPs functionalized with amikacin against P. aer-
uginosa and S. pneumoniae, obtaining significant dif-
ferences compared to the control. They also achieved 
a considerable reduction in biofilm formation and 
demonstrated potent antioxidant activity [41].

Smaller particles between 2 and 10  nm gener-
ally correlate with greater antibacterial effects [42], 
due to their large contact surface area with bacterial 
cells. The objective of the research was the synthe-
sis of amoxicillin-functionalized gold nanoparticles 
(AuNPs@amox), which was conducted with amoxi-
cillin serving as both a reducing and stabilizing agent 
for the AuNPs. The antibiotic was confirmed by XPS; 
the study also evaluated the effects and antimicro-
bial properties of AuNPs@amox, characterized by 
a bimodal size distribution of less than 10  nm. The 
investigation included assessments of damage to bio-
film production and efflux pumps against Methicillin-
resistant S. aureus (MRSA) and multidrug-resistant 
A. baumannii.

Materials and methods

Synthesis of gold nanoparticles functionalized with 
amoxicillin

The synthesis of AuNPs coated with amoxicil-
lin (AuNPs@amox) was modified by adjusting the 
reaction time and temperature based on the proto-
col described by Demurtas et  al. [43], with a molar 
ratio 4:1 for AuNPs and amoxicillin. Deionized 
water (57.9 mL) in a temperature-controlled bath was 
heated to a temperature of 45 °C. Subsequently, 600 
µL of  HAuCl4 solution [0.01 M] was added drop by 

drop, while simultaneously introducing 1500 µL of 
the amoxicillin solution [0.001 M]. The mixture was 
allowed to blend under magnetic agitation for 5 min. 
Following this, the reaction was left to stir for 2 h or 
until a subtle purple emerged, maintaining a stirring 
speed of 100 rpm at 45 °C.

Synthesis of gold nanoparticles control

The synthesis of AuNPs was modified by adjust-
ing the reaction time and temperature according to 
the protocol described by Silvero et al., [29]. AuNPs 
were prepared using a chemical reduction method 
with  NaBH4. The synthesis was conducted in a water 
bath at 5 °C with magnetic stirring. Initially, 89 mL 
of deionized water was added to the reaction vessel at 
5 °C. Subsequently, 1 mL of  HAuCl4 solution [0.1 M] 
was added. Following this,  NaBH4 [0.13 M] (14 mL) 
was added drop by drop, and the mixture was left to 
stir under magnetic stirring for 30 min. The solution 
underwent a color change from colorless to yellow, 
then to pink, and finally to wine color.

Characterization

All analyses and antibacterial assays were conducted 
on AuNPs@amox and AuNPs that were washed by 
dialyzed using a 10 kDa cut-off cellulose membrane 
against deionized water for 6 h to remove any unre-
acted chemicals.

The AuNPs@amox and AuNPs shape and size 
were determined by transmission electron microscopy 
(TEM, Hitachi 7700). Measurements were performed 
on 500 particles using ImageJ program. To determine 
the surface charge, stability (Z-potential), and hydro-
dynamic size (DLS) of AuNPs@amox at a concentra-
tion of 10 µg/mL sterile deionized water, nanoparti-
cles were diluted and suspended in 0.5X Trypticase 
Soy Broth (TSB). These characteristics were obtained 
using a Malvern Instrument Nano-S. The surface 
plasmon resonance shifts of AuNPs@amox and 
amoxicillin were evaluated by UV–Visible Thermo-
Scientific Evolution 220 Spectrophotometer. Amoxi-
cillin and AuNPs@amox were analyzed using Fourier 
transform infrared spectroscopy (FTIR) with Perkin 
Elmer infrared spectrometer in absorbance mode. The 
antibiotic load of the nanoparticles was determined 
by thermogravimetric analysis (TGA) Q 600 Ana-
lyzer from TA Instruments. Samples were heated in 
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air over a temperature range of 30–900 °C at 10 °C/
min. For the functionalization of AuNPs@amox and 
the type of bond generated, X-ray photoelectron spec-
troscopy (XPS) was employed, using XPS Escalab 
250Xi Thermofisher.

Antibacterial essays

The strains selected for the investigation were methi-
cillin-resistant S. aureus (MRSA) and multi-resistant 
A. baumannii.

The treatments were generated in sterile Corning 
vials. First, 0.5X TSB was added. Then a concentra-
tion of 1 ×  108 UFC/mL or 0.1 OD at 600  nm was 
used, along with amoxicillin at 27.5 µg/mL. AuNPs@
amox and AuNPs at 0.1, 0.3, 0.5, and 10 µg/mL were 
added, and the remaining volume was filled with ster-
ile distilled water to reach a total volume of 6  mL. 
Subsequently, they were incubated at 37 °C for 24 h 
under orbital shaking at 150  rpm in MaxQ 4450, 
Thermo Fisher Scientific incubator.

After incubation, a 100 µL aliquot was taken, and 
a 1:10 serial dilution (bacterial culture: PBS) was 
performed. It was seeded on TSB agar Petri dish 
using the microdrop technique described by Miles 
et al., with triplicate aliquots of 10 µL taken for each 
dilution.

To assess cell wall damage, the bacteria were 
observed using scanning electron microscopy (SEM, 
Hitachi SU3500). The sample preparation method, as 
modified by Ulloa-Ogaz et al., was employed [44].

Assay for biofilm formation

The quantitative method for testing biofilm formation, 
as described by Stepanović et al., [45] was applied. A 
12-h pre-inoculum of MRSA and A. baumannii was 
used. Treatments were prepared and then adjusted 
in PBS solution at 1 ×  108 UFC/mL. The treatments 
included a negative control (TSB), bacteria, a posi-
tive control (amoxicillin and AuNPs), and AuNPs@
amox). Subsequently, they were incubated at 37  °C 
for 24  h under orbital shaking at 150  rpm using a 
MaxQ 4450, Thermo Fisher Scientific.

In a 96-well plate, a 200 µL aliquot of each treat-
ment in triplicate was adjusted to an OD of 0.1 in 
PBS, along with the negative control. Additionally, 
the plate was covered and left to incubate while shak-
ing at 150  rpm for 24  h at 37  °C. The excess broth 

was carefully removed from each well and washed 
thrice with 250 µL of PBS. The plates were shaken 
between each wash to remove bacteria that did not 
adhere to the wells. Afterward, they were fixed with 
200 µL of 99.9% methanol in each well and incu-
bated at 4 °C for 10 min. After incubation, the excess 
alcohol was removed, and the wells were dried. Sub-
sequently, the wells were stained with 200 µL of 2% 
Hucker’s crystal violet for 5 min. Excesses stain was 
rinsed with sterile distilled water, and the wells were 
dried. The absorbance was measured at 570  nm in 
triplicate using VarioScan-Lux with SkanIt Software 
4.1 for Microplate Readers RE.

The percentage of biofilm was determined with the 
following equation:

Statistical analysis

A one-way ANOVA statistical analysis of vari-
ance was performed, complying with Kolmogorov-
Smirnoff normality and homogeneity of variances 
with the Levene test (α = 0.05). Grouping was per-
formed using the Tukey where groups sharing the 
same letter do not have significant differences. The 
analyses were carried out in STADISTICS 7 and plot-
ted in Origin Pro 2022.

Results and discussion

Synthesis and characterization of gold nanoparticles

AuNPs control micrographs display monodisperses 
spherical-shaped with a size 4 ± 1.8  nm (Fig.  1a). 
Similarly, in the synthesis of AuNPs@amox, by 
modifying the reaction time and temperature, it was 
possible to achieve a pH 7, favoring control over size 
dispersion and morphology of AuNPs [46]. Several 
authors have reported that AuNPs with spherical and 
quasi-sphere shapes tend to exhibit low cytotoxicity. 
However, the antibacterial properties are also depend-
ent on the size of the AuNPs [11]. A size around 
5 nm provides a better bacterial interaction between 
nanomaterial and microorganisms.

(1)%Biofilm =

(

OD
sample

OD
negative control

)

× 100
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The TEM images of AuNPs@amox depict quasi-
sphere shape and a bimodal size ranging between 
9 ± 2, and 1 ± 0.6 nm (Fig. 1b). Through adjustments 
in reaction time and temperature, we successfully 
controlled the pH of the solution (6.98), resulting in 
smaller AuNPs@amox compared to those reported 
by Demurtas et al. They obtained Amox-GNPs sized 
at 32.61 ± 4.78 nm and 2 nm, attributing this effect to 
the reduction of Au by the amino groups present in 
amoxicillin. This phenomenon was confirmed as the 
nucleation of the particles rapidly decreased due to 
the neutralization of the solution.

The AuNPs and AuNPs@amox exhibited col-
loidal stability, with negative surface charges 
of − 25  mV and − 14.1  mV respectively. This 
reduction suggests that amoxicillin, with its posi-
tive charge, establishes a strong interaction or 
bond with AuNPs, leading to a decrease in the 
Z-potential value of AuNPs. Similar effects have 
been reported in functionalization of MNPs with 

various antibiotics [19, 20, 27, 28]. These altera-
tions may indicate that attractive forces, including 
hydrogen bonds, play a crucial role in facilitating 
the drug-loading process. DLS analysis revealed an 
increase in the hydrodynamic size from 120 ± 15 to 
138 ± 10 nm for AuNPs and AuNPs@amox respec-
tively. The presence of TSB can induce agglomera-
tion in AuNPs@amox and AuNPs agglomeration, 
owing to its varying concentration of sugars, pro-
teins, inorganic salts, and other compounds, result-
ing in a high ionic strength. This phenomenon can 
influence the physicochemical properties of the 
MNPs, such as hydrodynamic size, ion release, sta-
bility, and surface charge [29].

The absorbance of amoxicillin, AuNPs, and 
AuNPs@amox by UV–Vis analysis is shown in 
Fig.  2A. The analysis revealed a maximum peak at 
515  nm for AuNPs, while amoxicillin exhibited its 
maximum peak at 270 nm. While AuNPs@amox first 
peak is close to 265 nm, a second peak is observed 

50 nm

a)

b)

10nm

20 nm

Fig. 1  Morphology and distribution size of a) AuNPs control, b) AuNPs@amox (low and high magnification)
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around 545 nm, indicating a shift towards the infrared 
(bathochromic shift).

This shift could be attributed, to the presence of 
the protonated nitrogen atom in the amoxicillin mol-
ecule and the interaction of the positively charged 
amine group on the surface of the AuNPs. Moreover, 
the red shift also suggests an increase in the particle 
size, possibly indicating the bonding of the amino 
group, where organic protection increases the size of 
the nanoparticle. On the other hand, the bandwidth 
indicates a narrow distribution of sizes and morphol-
ogies for AuNPs@amox, suggesting a low variation 
of sizes and morphologies, as observed in Fig.  1a, 
and b.

The stability of AuNPs@amox after 1 year of syn-
thesis is demonstrated in Fig.  2A, which shows the 
analysis of amoxicillin over time. UV–Vis analysis 
reveals a peak at 270-nm wavelength, characteristic 
of amoxicillin regardless of the time elapsed since 

synthesis. Both the newly synthesized nanoparticles 
and those stored for a year show the same peak at 
280 nm, with a slight bathochromic shift towards the 
infrared region. This shift is attributed to the acidi-
fication of the medium, as the nanoparticles are sus-
pended in water. However, there is a loss of amoxicil-
lin of approximately 8.5% within 1 year of synthesis 
when suspended in water. The behavior observed in 
the thermogram indicates acidification of the sample, 
which leads to the disruption of electrostatic formed 
between the AuNPs and amoxicillin.

Through TGA analysis (Fig.  2B), the content of 
Au was determined based on the decomposition 
of organic substances, specifically at 750  °C [47]. 
The thermal stability below 150  °C, exhibited by 
AuNPs@amox, results in a weight loss close to 3%. 
Then, the thermograms differ because they contain 
different organic coatings. Regarding the thermogram 
of amoxicillin, it undergoes a total degradation below 

Fig. 2  Evaluation of the 
presence of amoxicillin 
in the gold nanoparti-
cle surface. A) UV–Vis 
spectra of gold nanopar-
ticles functionalized with 
(a) amoxicillin (purple 
continue line), (b) AuNPs 
(red), and (c) amoxicillin 
(light blue dots line). B) 
TGA analysis amoxicillin 
(blue dots line), AuNPs (red 
discontinue line), and gold 
nanoparticles functionalized 
with amoxicillin (purple 
continue line). C) FTIR 
spectra of (a) amoxicillin 
and (b) gold nanoparticles 
functionalized with amoxi-
cillin shown the principal 
bands of β-lactam ring
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650 °C. As a result, AuNPs@amox exhibits an amox-
icillin close to 27.5% determined, while the AuNPs 
residual content is 72.5%. AuNPs and amoxicil-
lin have a percentage of 69% and 31%, respectively, 
according to the synthesis conditions. This amoxicil-
lin loading has a reductive ability towards  Au+3 ions; 
the electrostatic functionalization involves chemisorp-
tion of organic units on the surface of the nanoparti-
cle (in this case amine groups). Due to the electron-
egativity of such units, the surface of the nanoparticle 
becomes charged. And due to this charge (either neg-
ative), particles push each other, as observed in the 
Z-potential analysis. This phenomenon could be the 
electrostatic stability. Previous investigations by 
Demurtas et al., Silvero et al., and Chavan et al., [22, 
25, 31] reported 33%, 11%, and 30%, respectively, of 
antibiotic loading on the surface of nanoparticles.

FTIR analysis shows the presence of amoxicillin 
on the surface of AuNPs (Fig.  2C); it is possible to 
observe characteristic bands of the β-lactam ring [48, 
49] around 1755   cm−1, the stretching C = O bond, 
and at 1693   cm−1, the stretching C = O bond of the 
amide group was located. Also, the stretching of N–C 
of β-lactam was detected at 1021  cm−1. The bending 
C–S of the thiazole ring was detected at 694  cm−1. It 
is essential not to damage the ring, to avoid losing the 
reactive site of the antibiotic. The presence of these 
groups coincides with the signals presented by amox-
icillin; therefore, it can be deduced that the AuNPs 
are functionalized with amoxicillin.

The research carried out by Rogowska et al., Kalita 
et al., Silvero et al., and Demurtas et al. suggests that 
the functionalization of MNP’s by electrostatic bonds 
with the amino group of the amoxicillin or ampicil-
lin molecule occurs due to the high electronic affin-
ity presented by nitrogen with metal, such as gold 
or silver, and atoms [50]. However, different authors 
have shown that gold has a low cytotoxicity, unlike 
silver, which can cause cytotoxicity. The presence of 
gold and sulfur is corroborated by elemental mapping 
(Fig. S1) and XPS analysis.

In the XPS analysis of AuNPs@amox for Au 
(Fig.  3a), the spectrum exhibits three components 
representative of metallic Au. The component with 
the highest intensity is attributed to  Au0, with its dou-
blet  4f7/2,5/2 at 82.68 eV. The component with medium 
intensity is attributed to  Au+1, with its doublet at 
84.09  eV. The component with the lowest intensity 
corresponds to  Au+3, with its  4f7/2 at 88.2 eV. These 

components are indicative of changes in the oxidation 
states of Au during the synthesis.

In the oxygen spectrum of AuNPs@amox 
(Fig. 3b), two O 1 s components are maintained at a 
lower intensity, preserving the active site of the anti-
biotic at 531.93  eV and attributed to the O = C–N 
bond. However, in the amoxicillin spectra (Fig.  3c), 
two main components can be observed in the O 1  s 
orbital. The higher intensity peak at 531.68  eV is 
attributed to the O = C–N covalent bond, referring 
to the β-lactam ring. Meanwhile, the lower intensity 
O 1  s component at 533.23  eV corresponds to the 
C–OH bonds present in the antibiotic molecule.

In the spectrum of Fig. 3d for AuNPs@amox, only 
one component was found at the binding energy for 
the N 1 s at 399.7 eV, which corresponds to the amide 
group (N–C = O) present in the amoxicillin molecule 
according to the NIST database. Meanwhile, in the 
representative spectrum of amoxicillin (Fig.  3e), for 
the N 1  s, two components were found. The higher 
intensity component located at 400.01 eV is attributed 
to the N–C = O bond (amide), while, the lower inten-
sity component was located at 401.06 eV corresponds 
(C–NH2). The analysis for AuNPs@amox is that a 
shift to a lower intensity of this same component was 
found, placing the S  2p3/2 at 169.15 eV (Fig. 3f); gen-
erally, this binding energy is associated with oxidized 
sulfur species (S = O sulfones) [51]. However, since 
the O 1  s peak (Fig.  3b) is not present at 533.5  eV, 
so, we cannot confirm the oxidation of the S, whereas 
Fig.  4g presents the spectrum of the S of amoxicil-
lin, which fitted an S  2p3/2 component at 163.40 eV 
with one doublet located at 165.38  eV, attributed to 
the C–S–C bond present in the antibiotic.

In the absence of binding energy peak at 529 eV 
in the oxygen spectrum, it was confirmed that this 
is not an oxidation of Au, but rather an incomplete 
reduction of Au [52]. Additionally, since there is 
no binding energy peak at 90.8  eV in the AuNPs@
amox spectrum, an Au–S covalent bond can be ruled 
out. In the observed Au spectrum for AuNPs@amox 
functionalization through covalent Au–S bond is 
also ruled out, as no such interaction is present at 
a BE = 162  eV in the S  2p3/2. Therefore, since the 
amino group bond is not present in the spectrum of 
AuNPs@amox (Fig.  3d), the possible electrostatic 
N–Au functionalization is deduced. This loss of com-
ponent phenomenon in a functionalized material has 
been reported previously by Silva et al. [53], in their 
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investigation where they coated biomedical textiles 
with chitosan-functionalized AuNPs. They demon-
strated a possible interaction of  Au0 with the amino 
group of chitosan  (NH2) forming a weak electrostatic 
bond with the negatively charged nanoparticle.

Antibacterial properties

The AuNPs@amox exhibited the ability to inhibit 
MRSA by 76 to 80% as shown in Fig.  4. The high-
est level of inhibition achieved is 80.41%, attributed 
to a concentration of 10 µg/mL. However, assays did 
not reveal significant differences between concentra-
tions AuNPs@amox. In A. baumannii, the response 
of the bacteria to AuNPs@amox was different. The 
assays indicated that as the concentration increased, 
the percentage of inhibition decreased from 76 to 
60%, showing significant differences. The concentra-
tion of 0.1 µg/mL yielded the highest inhibition per-
centage (76.95%). While at 10  µg/mL of AuNPs@
amox, the percentage inhibition decreases to 60.18%. 
This could be attributed to possible agglomeration 
or precipitation of the AuNPs@amox, caused by the 
bacteria biofilm or trypticase soy broth (TSB) [42]. 
AuNPs with 4 nm exhibit considerable antimicrobial 
properties, inhibiting MRSA by 33.85 to 39.31% at 
concentrations of 0.1, 0.3, 0.5, and 10 µg/mL, without 
significant differences. Nevertheless, as the concen-
tration of AuNPs increased, the percentage of inhibi-
tion decreased. In contrast, the behavior was different 
in A. baumannii, generating significant differences 
between the distinct concentrations. The percentage 
of inhibition ranges between 24.59 and 56.3%.

The damage caused to MRSA is displayed in 
Fig.  5, where the bacteria exposed to amoxicillin 
show no observed damage. However, cell wall dam-
age becomes evident when the cells are exposed to 
distinct concentrations of AuNPs and AuNPs@amox. 
Initially, the bacteria generated a biofilm, hollows, 
and flattening. Yet, when in the presence of AuNPs 
and AuNPs@amox, this biofilm is damaged, with 
observable gaps and strands. The cell wall damage 
is also evident at concentrations of 0.5 µg/mL, where 

more significant cell death was detected compared 
to the concentrations 0.1 or 0.3  µg/mL. Even more, 
when the cells were exposed to AuNPs at 10 µg/mL, 
they exhibited crushing, perforations in their mem-
branes, and a reduction in cell size. Nevertheless, 
when MRSA was exposed to AuNPs@amox, a com-
plete change in cell morphology from cocci to bacilli 
was observed. These cells exhibited several perfora-
tions in their structure, leading to cell lysis.

The A. baumannii micrograph shows no damaged 
cells in bacteria control and the presence of amoxi-
cillin (Fig.  6). Cell damage in all the AuNPs and 
AuNPs@amox is characterized by perforations, holes, 
and shrinkage. Additionally, changes in the morphol-
ogy and dimensions of the cell width were observed, 
reducing from 0.5–1  µm to values no greater than 
0.5 µm, resembling cells with the appearance of small 
coco-bacilli. As the concentration increased to 10 µg/
mL, it was observed that the bacteria were unable to 
undergo cell division, resulting in the generation of 
elongated cells. Upon exposure to AuNPs@amox at 
10 µg/mL, the cells exhibited holes, and their lengths 
were larger than those in the bacteria control but 
smaller than in the presence of AuNPs.

Since the bacterial cell wall is a key component 
of bacteria, its main function is to maintain the cell 
shape and allow the cell to resist osmotic pressure, as 
well as to protect the peptidoglycan layer. In Gram-
positive bacteria, peptidoglycan constitutes the major 
part of the coat and provides structural stability to the 
cell wall [54–56]. The morphological change from 
cocci to bacilli that MRSA underwent at 10  µg/mL 
AuNPs@amox (Fig.  5j) may be due to the synergy 
between the mechanisms of action of the NPs and 
amoxicillin, as well as the bimodal behavior obtained 
in the NPs. It has been reported that the NPs may 
interact with the cell wall by altering the cross-link-
ing of the enzymes responsible for generating pepti-
doglycan. Interaction with the cell surface and inter-
nalization into the cytoplasm are easier for NPs with 
smaller sizes due to fewer spatial obstacles [57–59].

In turn, the AuNPs have amoxicillin on their sur-
face, which is a β-lactam antibiotic. Its main func-
tion is to bind to specific PBPs in the bacterial cell 
wall and inhibit the assembly of peptidoglycan chains 
[60]. The local stress induced by NPs, in this case, 
AuNPs@amox on bacterial membranes, causes mem-
brane rupture. This could be a factor contributing to 
a considerable antibacterial effect, primarily through 

Fig. 3  X-ray photoelectron spectra. a) Au 4f analysis of 
AuNPs@amox. b) O 1  s components of AuNPs@amox. c) 
Components O 1  s of amoxicillin. d) Component N 1  s of 
AuNPs@amox. e) Components N 1  s of amoxicillin. f) S 2p 
analysis of AuNPs@amox. g) S 2p analysis of amoxicillin

◂
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electrostatic interaction between bacterial membranes 
and AuNPs due to opposite surface charges [54, 61], 
as well as the AuNPs@amox were able to damage the 
efflux pumps (Fig S2) promoting cell death.

It has been studied that there is a difference 
between the Z-potential of bacteria and NPs. Gener-
ally, bacteria will have Z-potential of around − 26 mV 
and NPs around − 10 to − 15  mV [62]. In this case, 
AuNPs@amox, the Z-potential was − 14.1  mV. 
This potential difference implies an attractive force 
between the pathogen and the NPs. The outer enve-
lope responds to the stress created by making the cell 
membrane of the bacteria positive. If the NPs are 
administered above minimal levels, they can create 
a charge difference sufficient to aggregate the NPs to 
the surface of the bacteria [63, 64].

Figure 7 displays one of the main resistance mech-
anisms of MRSA and A. baumannii biofilm produc-
tion. It was found that MRSA generates 130.5% of 
biofilm, while A. baumannii generates 144.95%. 
However, when both bacteria were exposed to AuNPs 
and AuNPs@amox at concentrations of 0.1, 0.3, and 
0.5 μg/mL, biofilm production increased. Despite the 
high biofilm production of MRSA, when the concen-
tration of AuNPs and AuNPs@amox is increased to 
10  μg/mL, the biofilm significantly decreased by up 
to 80% in the presence of AuNPs, resulting in low 
biofilm production with slight adherence. When 

subjected to AuNPs@amox, it could be reduced by up 
to 65%, with no adherence compared to the control.

Biofilm production is a crucial factor in the patho-
genesis, antibiotic resistance, and immune evasion of 
bacteria. Yang et  al., [65] found that A. baumannii 
tends to increase biofilm formation when exposed to 
antibiotics such as amoxicillin. They determined that 
this might be attributed to the stress induced by the 
antibiotic, which enhances gene regulation and pro-
vides fitness advantages for resistant strains.

Chavan et al. [26] reported the use of ampicillin as 
a reducing and protecting agent to form ampicillin-
coated gold nanoparticles (Amp-Au NPs). Amp-Au 
NP exhibited antimicrobial activity against resistant 
bacteria, with up to a 16-fold and fourfold increase 
in effectiveness, respectively. In a study by Demur-
tas et al. [43], amoxicillin-loaded gold nanoparticles 
were synthesized. The research reported that 33  μg/
mL of amoxicillin associated with the gold nanopar-
ticles was sufficient to inhibit the growth of Gram-
negative bacteria. Wang et al. [66], vancomycin was 
employed as a reducing and protecting agent to obtain 
polygonal-shaped AuNPs. The vancomycin conju-
gate retained its antibacterial activity, and the conju-
gate demonstrated a 16-fold reduction in the amount 
of antibiotic required to inhibit certain vancomycin-
resistant enterococci (VRE) strains compared to free-
form vancomycin.

Fig. 4  Antibacterial activity of AuNPs@amox in clinical iso-
lates after 24-h incubation at 37  °C.  A) Methicillin-resistant 
Staphylococcus aureus (MRSA), and B)  Acinetobacter bau-

mannii resistant to multiple antibiotics. Different literals rep-
resent statistically significant differences (p < 0.05). Amox, 
Amoxicillin; AA-x, AuNPs@amox at 0.1/0.3/0.5/10 µg/mL
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Brown et  al., [33] used ampicillin alone against 
both gram-positive and negative strains, finding 
them to be resistant. However, when they utilized 
AuNPs conjugated with ampicillin, they discovered 

a malfunction in the efflux system due to the block-
ing effect of the gold nanoparticles. Additionally, they 
noted multivalent targeting of the drug to the patho-
gen. These AuNPs were also observed to alter the 

Fig. 5  Cell damage dem-
onstration in methicillin-
resistant Staphylococcus 
aureus. a) Bacteria control. 
b) Amoxicillin control. c) 
AuNPs at 0.1 µg/mL. d) 
AuNPs@amox at 0.1 µg/
mL. e) AuNPs at 0.3 µg/
mL. f) AuNPs@amox at 
0.3 µg/mL. g) AuNPs at 
0.5 µg/mL. h) AuNPs@
amox at 0.5 µg/mL. i) 
AuNPs at 10 µg/mL. j) 
AuNPs@amox at 10 µg/mL

c) A-0.1 µg/mL 

a) MRSA

d) AA-0.1 µg/mL 

b) Amoxicillin

e) A-0.3 µg/mL f) AA-0.3 µg/mL 

g) A-0.5 µg/mL h) AA-0.5 µg/mL 

i) A-10 µg/mL j) AA-10 µg/mL 
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tRNA of the translation pathway, preventing it from 
binding to the required subunit and consequently dis-
rupting the entire protein configuration. In a similar 
study, Khameneh et al.[67] confirmed findings similar 

to those of Gu et al., [68] investigated the mechanism 
of action of vancomycin-conjugated AuNPs revealing 
a multivalent inhibition of efflux pumps against Ente-
rococcus. Likewise, Mohamed et  al., [25] reported 

Fig. 6  Cell damage dem-
onstration in multi-resistant 
Acinetobacter bauman-
nii. a) Bacteria control. 
b) Amoxicillin control. c) 
AuNPs at 0.1 µg/mL. d) 
AuNPs@amox at 0.1 µg/
mL. e) AuNPs at 0.3 µg/
mL. f) AuNPs@amox at 
0.3 µg/mL. g) AuNPs at 
0.5 µg/mL. h) AuNPs@
amox at 0.5 µg/mL. i) 
AuNPs at 10 µg/mL. j) 
AuNPs@amox at 10 µg/mL

a) A. baumanni i b)  Amoxicillin

d) AA-0.1 µg/mL

f) AA-0.3 µg/mL

h) AA-0.5 µg/mL

j) AA-10 µg/mL

c) A-0.1 µg/mL

e) A-0.3 µg/mL

g) A-0.5 µg/mL

i) A-10 µg/mL
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that treating Corynebacterium with AuNPs resulted 
in the creation of perforations in the cell wall of the 
pathogen. Subsequently, these nanoparticles accu-
mulated in the intracellular space, causing additional 
damage to the efflux pump.

Conclusion

The functionalization of AuNPs with amoxicillin is 
demonstrated, involving the formation of electrostatic 
bonds through sulfur and nitrogen elements present 
in the antibiotic molecule. Significant damage was 
observed in MRSA and A. baumannii with varying 
concentrations of AuNPs@amox. Specifically, at a 
concentration of 10 µg/mL, the AuNPs@amox inhibit 
80.41% of MRSA, while at a lower concentration of 
0.1 µg/mL, it inhibited 76.95% of A. baumannii.

The bimodal behavior, coupled with an antibiotic 
loading of 27.5% proved sufficient to inhibit resistant 
strains. Enhancing the antimicrobial activity of amox-
icillin through the combination appears to be a viable 
approach in the addressing of antimicrobial resist-
ance. This study demonstrated an alternative route 
pathway for combinatorial therapy against high drug-
resistance by bacteria. The size of AuNPs@amox and 
AuNPs played a crucial role, potentially hindering 
the outflow of nanoparticles. Furthermore, the par-
ticle size influenced the efflux kinetics of membrane 
pumps, leading to perforation of cell walls, reduction 
of biofilms, and ultimately causing cell death.
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