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ABSTRACT: Biomimetic gold nanoparticles (Au NPs) were synthesized via a sustainable
approach without any additional toxic chemical reagents and fully characterized. It was proven
that only whole aqueous extracts of Rosa damascene (RD) and Rosa rugosa (RR) are powerful
enough to reduce, graft, and stabilize metallic nanostructures, resulting in the formation of
stable, monodisperse nanocolloids (Au@RD NPs and Au@RR NPs) whereas individual
constituent molecules were insufficient to yield stable metal NPs. The biological study
conducted, both in vitro and in vivo, revealed no acute cytotoxicity (in HaCaT cell lines and
zebrafish larval models) but bacteriostatic activity at equivalent doses with potent inhibition of
biofilm formation (for a MRSA strain). Noteworthy, the additive antibacterial activity of rose
extracts when combined with rifampicin promotes that these attractive inorganic−organic
hybrids could be suitable alternatives to combat the acquisition of antimicrobial resistance.
This huge application potential was also emphasized by the presence of insignificant changes in
the expression of pro-inflammatory cytokine genes (IL-1β, IL-6, and CXCL8) and apoptotic/
autophagic associated genes (TP53, MAP1LC3B, and SQSTM1) in treated HaCaT cells at antimicrobial doses. In addition, at the
studied doses, the survival of Danio rerio larvae and their proper development (i.e., lack of deformities) endorsed biocompatibility in
vivo.
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1. INTRODUCTION
The emergence of antibiotic-resistant strains, attributed to the
widespread overuse of antibiotics, resulted in antimicrobial
resistance (AMR) that is currently a major global problem.1 An
urgent necessity in the present alarming situation is to search
for new and effective solutions to not only prevent and combat
the growing AMR but also identify effective bactericidal agents
having multiple mechanisms of action that can be safely and
widely used.
A promising group of drugs with antimicrobial potential is

those based on natural products. Data on the marketing of
small-molecule antimicrobial drugs show a significant advant-
age of natural products and their derivatives (70.6%) over
synthetic drugs (28.6%).2,3 In this context, plant metabolites,
known by their ability to target microbial cell membranes,
interfere with the synthesis of microbial DNA/RNA/enzymes
and disrupt quorum sensing and efflux pump expression are
considered as powerful candidates for the development of
novel natural antimicrobial agents.4,5 Folk medicine has
recognized the therapeutic potential of extracts from two
species of rose − damask rose (Rosa damascena, RD) and
rugosa rose (Rosa rugosa, RR) − for treating stomachaches,
headaches, coughs, healing wounds, relieving nervous tension,
and improving mood. In general, their medicinal effects are
attributed to the presence of polyphenols, which exhibit

antibacterial, antioxidant, anti-inflammatory, antidepressant,
anticancer, and free radical scavenger activities.6−11

On the other hand, significant progress has recently been
made discovering other approaches to overcome AMR, for
instance, the use of composite metallo-antimicrobials. Their
possible modes of action are categorized into different classes:
inhibitors of enzymes, membrane perturbants/disruptors,
inhibitors of uptake/efflux pumps, inhibitors of biofilm
formation and quorum sensing (persister inhibitors), and
oxidative inducers.12,13 Noteworthy, the functionalization of
the surface of nanomaterials with natural compounds (e.g.,
polyphenols) can enhance their cellular uptake.14−16 In the
present study, polyphenols present in rose extracts were used
as reducing and stabilizing agents for the synthesis of gold
nanoparticles (Au NPs), which is a process also aligned with
the principles of sustainable chemistry. Furthermore, the
advantage of such synthesized NPs using natural sources is
that they generally exhibit lower toxicity than their chemically
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synthesized counterparts.17 Au NPs, despite their lower
antimicrobial activity compared to the widely described Ag
NPs,18 constitute optimal carriers for drugs or antibodies due
to their biocompatibility, low toxicity, easy surface function-
alization, or photothermal activity.19 Au NP antimicrobial
mechanisms are based on the following: (i) the alteration of
the cellular membrane potential and the inhibition of ATP
synthase, with a consequent decrease in ATP levels and
impaired metabolism, (ii) the inhibition of the ribosome
subunit capable of binding tRNA, which adversely affects
protein synthesis,20 (iii) the influence on the process of
chemotaxis, which involves the use of transmembrane signal
transducers produced by bacteria to respond to changes in the
chemical composition of the surrounding environment,21 and
(iv) a ROS-independent mechanism of action due to Au NPs'
chemical inertness (likewise some antibiotics e.g., aminoglyco-
sides) ensuring low toxicity to mammalian cells.22

Importantly, any novel strategy based on multitargeted
mechanisms due to multicomponent hybrids offers significant
advantages over a unicursal approach and renders less
likelihood to generate resistance. Thus, proposing novel
metallo-drugs as unique systems combining metal nanocarriers
and bioactive plant extracts optimizes their administration
route, increasing the selectivity by achieving a multitarget-
oriented delivery and minimized side effects. The novelty of
this scientific approach fits into the current strategy of
investigating novel nanoantibiotics. This Account presents
characteristics and novel biomedical applications of rose
extracts and gold NPs. Their synthesis and physicochemical
properties are described together with an evaluation of their
antibacterial and antibiofilm activity and a preliminary
assessment of their mechanism of antimicrobial action. In
addition, toxicological studies were performed to evaluate their
safety in vitro on HaCaT cells and in vivo on zebrafish larvae
(Danio rerio) to determine a tolerable concentration allowing
their safe use in antimicrobial applications.

2. MATERIALS AND METHODS

2.1. Materials
Plant material (Rosa damascena buds and Rosa rugosa petals; origin:
Bulgaria) was purchased from Kosmetyki z Doliny Roź ̇ (Zab̨ki,
Poland). Tetrachloroauric(III) acid trihydrate (HAuCl4·3H2O) and
rifampicin (RIF, ≥ 97%) were provided by Merck (Darmstadt,
Germany). Tryptone soy broth (TSB) was supplied by Laboratorios
Conda-Pronadisa SA (Madrid, Spain), and tryptone soy agar plates
(TSA) were purchased from Avantor VWR (Radnor, PA, USA). Fetal
bovine serum (FBS), Dulbecco’s modified Eagle medium (DMEM),
and Trypsin-EDTA solution were obtained from Corning (New York,
USA). For RNA isolation, the Universal RNA Purification Kit from
EURX (Gdanśk, Poland) was used. Moreover, the TranScriba Kit was
supplied by A&A BIOTECHNOLOGY (Gdanśk, Poland). Starters
for PCR reaction were purchased from Genomed S.A. (Warszawa,
Poland) and Sybr Select Master Mix from ThermoFisher (Waltham,
USA).

2.2. Preparation of Rose Extracts
To prepare rose extracts, 60 mL of distilled water was heated to 40 °C
on a magnetic stirrer. Subsequently, 1.8 g of crushed plant material,
depending on the synthesis (RD buds or RR petals), was placed into
the water. The material was left for 1 h under stirring and then it was
filtered through filter paper and then through a cellulose syringe filter
with a pore cutoff of 0.22 μm. Fresh aqueous RD and RR extracts
were used for antibacterial and antibiofilm assays immediately after
extraction and filtration. For this reason, concentrations in these
assays are expressed as % (v/v). Meanwhile, cytotoxicity assays were

carried out using extracts dried at 60 °C, for which dry mass was
accurately determined, and the concentrations are reported in mg/
mL.

2.3. Characterization of Rose Extracts
The characterization of aqueous rose extracts obtained from RD buds
and RR petals was carried out by measuring UV−vis spectra of 100-
fold dilutions by UV−vis spectrophotometry (Shimadzu 1900,
Shimpol). The absorbance maximum at a wavelength of approx-
imately 350 nm was determined. Precise determination of organic
compounds, both qualitative and quantitative, was carried out in
collaboration with the Department of Medicinal Plant and Mushroom
Biotechnology of Jagiellonian University (Poland). The dried samples
were dissolved in water at 40 °C to obtain a total mass concentration
of 30 mg/mL. The determination was carried out for 90 min in a
methanol gradient of 20−100% on a Merck-Hitachi chromatograph
equipped with a Purospher RP-18e, 5 μm, 4 × 250 mm analytical
column and a DAD detector. Qualification and quantification analysis
were based on a comparison with 76 reference substances
(Supporting Information: Section S1. List of analytical standards for
HPLC quantif ication). The following abbreviations were used: RD −
Rosa damascena extract from buds, RD* − Rosa damascena extract
from petals, and RR − Rosa rugosa extract from petals.

2.4. Synthesis of Au@RD NPs and Au@RR NPs
Synthesis of Au@RD NPs and Au@RR NPs was carried out
according to the previously reported protocol for Au@RD NPs.23

In brief, a round-bottomed flask containing 16 mL of distilled water
and 2 mL of a solution of HAuCl4·3H2O (5 mM, 2 mL) was placed
on a magnetic stirrer (90 °C, 900 rpm). When the substrates had
reached the appropriate temperature, the solutions of RD or RR
extracts (20 mg/mL, 1 mL), heated to 90 °C, were vigorously poured
into the flask, keeping the temperature of the synthesis constant and
the vessel protected from light. The immediate appearance of red
color indicated the formation of Au NPs: Au@RD NPs and Au@RR
NPs, respectively. After 2h, the obtained solution was transferred to a
falcon, protected from light, and stored at room temperature or dried
at 60 °C in 2 mL eppendorfs. Those Au@RD NPs and Au@RR NPs
were then synthesized via a one-step process employing rose-derived
extracts, which acted simultaneously as reducing and capping agents.
Consequently, NPs devoid of these rose-derived reducing and
stabilizing components could not be synthesized to serve as bare
controls. Although alternative reducing and capping agents could be
utilized (e.g., sodium citrate, ascorbic acid, sodium borohydride,
THPC, glucose, CTABr, etc.), their resulting physicochemical
properties would differ substantially, precluding an unbiased
comparison.

2.5. Characterization of Au@NPs
UV−vis spectra of Au@RD NPs or Au@RR NPs colloids after 30, 60,
and 120 min were measured to follow the progress of the Au(III) ion
reduction. The morphology of the Au NPs was visualized using
transmission electron microscopy (TEM, JEOL JEM2100 HT CRYO
LaB6). Based on the microscope images, the particle size was
determined using ImageJ software, and then size distribution was
analyzed by Origin Pro 2020. Additionally, the hydrodynamic
diameter and zeta potential at acidic pH were determined by dynamic
light scattering (Nanosizer Ultra, Malvern).

2.6. Antimicrobial Activity of Extracts, Nanoparticles, and
Rifampicin
Methicillin-resistant Staphylococcus aureus strain (USA300 MRSA,
kindly donated by Cristina Prat-Aymerich PhD, MD, from IGTP,
Badalona, Spain) was inoculated in 5 mL of TSB and incubated
overnight at 37 °C with shaking. The culture was subsequently diluted
in fresh TSB to achieve a consistent OD600 (≈107 colony-forming
units, CFU/mL) and transferred to a 96-well plate. Bacterial
suspensions (at a concentration of 105 CFU/mL) were exposed to
varying concentrations of rose extracts (RD, RR; 40−80% v/v), Au
NPs (Au@RD NPs, Au@RR NPs; 0.2−1 mg/mL), and rifampicin
(0.005−0.05 μg/mL) in TSB followed by incubation at 37 °C for 24
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h with shaking. The antibacterial activity was assessed via the serial
dilution method and subsequent plating of the treated samples on
TSA plates. The experiments were performed three times in triplicate,
with the results compared with those obtained for untreated control
samples.

To identify additive and synergetic effects, the fractional inhibitory
concentration index (FICI) was determined for selected samples.
Appropriate dilutions of the test compounds were prepared in a 96-
well plate: RR extract (3/2 × MIC, MIC, 1/2 × MIC, 1/4 × MIC, 1/
8 × MIC, 1/16 × MIC, 1/32 × MIC) and rifampicin (4 × MIC, 1/2
× MIC, 1/4 × MIC, 1/8 × MIC, 1/16 × MIC, 1/32 × MIC, 1/64 ×
MIC). Each well was inoculated with 105 CFU/mL, and then the
plate was placed in an incubator at 37 °C for 24 h. After this time, the
absorbance was measured at 570 nm by using a Varioskan LUX
microplate reader (Thermo Fisher Scientific). Fractional inhibitory
concentration index (FICI) values were determined by assessing the
transparency of wells (transparent vs turbid) according to the
experimental scheme and concentration ranges described for the pair
of antimicrobial agents. Complete MIC combination matrices and
detailed interpretation rules are provided in the Supporting
Information (Section S9. Fractional inhibitory concentration index
(FICI): Figure S6). The results were interpreted using the following
formula:

FICI FIC A FIC B
MIC A(in presence of B)

MIC(A)
MIC B(in presence of A)

MIC(B)

= +

= +

(1)

where A and B are the biologically active tested compounds.
The results were analyzed assigning the following values: synergy,

FICI ≤ 0.5; additivity, 0.5 < FICI ≤ 1; no interaction, 1 < FICI ≤ 4;
antagonism, FICI > 4.

2.7. Biofilm Growth Inhibition Assay
Dried samples of rose extracts were redissolved in bacteria culture
medium (TSB) to achieve a final extract concentration of 300% (v/v)
(samples were concentrated to add the minimum amount of water).
Colloids were centrifugated (13,000 rpm, 10 min) and solvent was
substituted for TSB to have an adequate medium for bacterial growth
and to adjust colloids concentration. After centrifugation and
resuspensions, colloids were resuspended without observable
aggregation.

MRSA bacterial strain was inoculated in 5 mL of TSB and
incubated at 37 °C under shaking overnight. After this time, OD600
was checked and bacteria concentration was adjusted to 107 CFU/mL
in 96-well plates with fresh TSB and with the corresponding
concentration of the tested extract or gold nanoparticles (RD extract,
7.5−60% v/v; RR extract, 5−40% v/v; Au@RD NPs, 0.20−1.20 mg/
mL; Au@RR NPs, 0.25−1.50 mg/mL). Samples were incubated for
24 h at 37 °C without shaking. Plates were kept in a closed box with a
constant level of humidity (to avoid water evaporation, and after this
time, TSB was discarded and samples were washed twice with DPBS
to remove nonattached bacteria. After being washed, samples were
treated in two different ways: to evaluate biomass production by the
crystal violet assay (CV) and to evaluate bacterial growth by the
microdilution assay.

In the CV assay, 100 μL of CV aqueous solution (1 mg/mL) was
added to washed samples and incubated for 10 min at room
temperature. After staining, samples were washed 3 times with DPBS.
After removing DPBS, the biofilm was dissolved in 100 μL of acetic
acid (30% v/v), and the absorbance was measured at 570 nm using a
Varioskan LUX microplate reader (Thermo Fisher Scientific).

To evaluate bacterial growth, a microdilution assay was performed.
100 μL of DPBS was added to the washed samples, and then, they
were sonicated for 1 min to release bacteria potentially embedded in
the biofilms. Then, 1:10 serial dilutions of each sample were made in
DPBS and 3 × 20 μL drops were seeded on TSA plates. Plates were
incubated overnight at 37 °C, and bacteria colonies were counted in
each drop. CFU/mL were calculated as follows:

CFU/mL
number of colonies dilution factor

0.02 mL
= ×

(2)

2.8. Cell Cytotoxicity Evaluation In Vitro
The immortalized human keratinocyte cell line HaCaT was used, and
the cytotoxicity was evaluated by the methyl tetrazolium (MTT)
assay. Cells were seeded in 96-well plates at a density of 10,000 cells
per well in 200 μL of DMEM High-Glucose media supplemented
with 1% antibiotic and 10% FBS and incubated overnight. Then, the
dried samples of RD, RR, Au@RD NPs, and Au@RR NPs were
dissolved in DMEM medium without antibiotics (1% FBS) by
sonication for 10 min and added to the cells. The concentrations were
5 × 10−6 − 5 mg/mL for RD and RR extracts, respectively, while they
were 1 × 10−5 − 1 mg/mL for Au@RD NPs and Au@RR NPs. After
24 h of incubation, fresh DMEM medium was added after washing
with DPBS. After overnight incubation at 37 °C, the medium was
removed, cells were washed with DPBS, and then 200 μL of MTT
solution (0.5 mg/mL, DMEM without FBS) was added to each well.
After 3 h of incubation, the MTT solution was removed, and the
purple crystals of formazan were dissolved in 100 μL of
DMSO:methanol (1:1, v:v). The absorbance was measured at
wavelengths of 565 nm with a reference at 750 nm using a Tecan
Infinite200 plate reader. Untreated cellular samples were used as a
control. The experiments were performed in triplicate.
2.9. Real-Time Quantitative PCR Analysis (RT-qPCR)
The HaCaT cells were seeded in 6-well plates at a density of 900,000
cells per well in DMEM High-Glucose media supplemented with 1%
antibiotic and 10% FBS and incubated at 37 °C for 24h. The tested
dried samples were dissolved in DMEM medium without antibiotics
through 10 min of sonication and then applied to the cells. After 24 h
of incubation, cells were washed twice using DPBS and detached from
the plate by incubation with trypsin. Total RNA was isolated using the
Universal RNA Purification Kit (EURX, cat. no. E3598) following the
manufacturer’s instructions. cDNA synthesis was performed from 100
ng of total RNA, using the TranScriba Kit, cat. no. 4000−20, A&A
Biotechnology according to the manufacturer’s instructions. The
cDNA samples were diluted 50-fold in nuclease-free water (EURx,
Poland) and stored at −20 °C before RT-qPCR reaction.

Gene expression analyses were performed on a cDNA template as
previously described24 using Rotor-Gene Q thermocycler (Qiagen,
Germany). Each reaction was performed in duplicates. No-RT
samples and nontemplate controls (NTC) were included in selected
runs. Infection-induced changes in gene expression were determined
by comparing the expression of the target gene to the reference gene
(GAPDH) in control samples (untreated cells), using the Pfaffl
method,25 according to the following equation:

E
ERatio

C
C

Reference
Target

t
t= (3)

where E is the amplification efficiency and Ct is the threshold cycle.
The analyzed genes and the sequences of their corresponding

primers are listed in the Supporting Information (Section S3. Real-
time quantitative PCR: Table S2). The RT-qPCR reaction conditions
are summarized in the Supporting Information (Section S3. Real-time
quantitative PCR: Table S3).
2.10. In Vivo Study Using Zebrafish Larvae
Adult zebrafish (Danio rerio) were maintained at 28 °C with a 14 h
light/10 h dark cycle. The fish were fed twice daily, with either
commercial zebrafish feed (Skretting, Norway) or live Artemia
(Priroda Green, Ecuador). Zebrafish larvae were maintained in E3
medium supplemented with methylene blue (17.2 g/L NaCl
(Chempur, Poland), 0.76 g/L KCl (POCH, Poland), 2.18 g/L
CaCl2 (EuroChem BGD, Poland), 2.4 g/L MgSO4 (POCH, Poland),
and 0.00005% (w/v) methylene blue (Sigma-Aldrich, Co., USA) at 28
°C. Studies were performed using wild-type AB × TL strain (cross-
contamination of commonly used AB and TL wild-type zebrafish
lines). Zebrafish husbandry was carried out at the Institute of Zoology
and Biomedical Research, Jagiellonian University Zebrafish Core
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Facility, licensed under the District Veterinary Inspectorate in Krakow
registry; Ministry of Science and Higher Education record no. 022
and 0057. All experiments were conducted in accordance with the
European Community Council Directive 2010/63/EU. All methods
involving zebrafish larvae followed ARRIVE guidelines.

Zebrafish larvae were treated with the tested extracts and/or
colloids at 2 days postfertilization (2 dpf) either by immersion
(addition of tested compounds to the E3 buffer) or by systemic
microinjection onto the Duct of Cuvier as described previously.26

Zebrafish were monitored daily for mortality and disease symptoms
development. Studies on zebrafish larvae were performed up to 5 days
postfertilization, which do not require approval from the local Ethics
Committee. On day 5, all larvae participating in the experiment were
euthanized in an overdosed MS-222 anesthetic according to standard
procedure. At least 100 individuals were tested in each experimental
group. The description of the investigated samples for in vivo tests is
summarized in the Supporting Information along with the explanation
of sample preparation (Section S4. In vivo study on Zebraf ish larvae:
Table S4).

2.11. Statistical Analysis
Each bar graph presents values in the form of mean ± standard
deviation. One-way ANOVA followed by Tukey's test was applied in
the case of cytotoxicity experiments in vitro and in vivo. Meanwhile,
two-way ANOVA test was used to statistically analyze the data using
Dunnett’s post-test in the case of multiple comparations (antimicro-
bial assays). All statistical analyses were carried out using Prism 8
(GraphPad Software, San Diego, CA, USA). Experiments were
conducted with three replicates, and all conditions were assessed in

triplicate, unless indicated differently. Differences were considered
statistically significant at p ≤ 0.05. Other p values are indicated in the
corresponding graphic.

3. RESULTS AND DISCUSSION
Facing the challenge of increasing the bioavailability of
bioactive plant-derived compounds, the burgeoning develop-
ment of nanotechnology and nanomaterials brings hopes to
design and validate novel organic−inorganic hybrid nanoma-
terials.27−30 The idea of the functionalization of nanoparticles
(NPs) with bioactive phytochemicals originating from plant
extracts (i.e., polyphenols, flavonoids, alkaloids, and other
derivatives) nowadays attracts considerable interest due to
their improved biocompatibility, stability, and multifunctional
characteristics, in particular the undiscovered ones resulting
from the additivity or synergy of a multicomponent
system.31−34

3.1. Compositional Analysis of Rose Extracts

To explain which of the organic components derived from the
rose extract plays a key role in the reduction of Au(III) ions
and the stabilization of the resulting nanostructures, a
qualitative and quantitative analysis of the investigated aqueous
RD and RR extracts was performed by high-performance liquid
chromatography (HPLC). Populnin (kaempferol 7-O-gluco-
side) was the dominant constituent in both extracts. Note-

Figure 1. Percentage composition with representative examples of HPLC chromatograms obtained for each extract: (A) Rosa damascena extract
(buds) and (B) Rosa rugosa extract (petals).
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worthy, the percentage content of populnin in the RR extract
was significantly higher than that in the RD extract (RD:
29.51%, RR: 45.66%). Populnin is a kaempferol, belonging to
the flavonoids, attached via a glycosidic bond to β-D-
glucopyranosyl groups at position 7. As a metabolite of many
plants, it mainly functions as a free radical scavenger.35 For the
RD, quercitrin (quercetin 3-O-rhamnoside) was singled out as
the second dominant constituent (RD: 20.58%, RR: 4.77%).
Analyzing its chemical structure, it is a quercetin linked to the
α-l-rhamnosyl group at position 3 via a glycosidic bond. It acts
as an antioxidant, an inhibitor of many enzymes, and exerts a
protective function against parasites.36 The RR extract, in
addition to populnin, contains significant amounts of catechin
(RD: 2.75%, RR: 28.93%), which is a natural compound from
the flavonoids group. It exhibits anti-inflammatory, antioxidant,
and chemopreventive effects.37 The pie charts presented in
Figure 1 show the content of the predominant constituents in
the individual extracts collected from RD and RR extracts
prepared from buds and petals, respectively, with their
corresponding chromatograms. Detailed HPLC analysis is
presented in the Supporting Information along with the pie
chart for RD extract from petals included for comparison
purposes (Section S5. Compositional analysis of rose extracts:
Table S5, Figure S1).
To find out if the composition varied in buds and petals for

the same plant, a comparative HPLC analysis was carried out
for extracts from buds (RD) and petals (RD, RR) of the same
plant. This study revealed insignificant differences in the
percentage composition of the most concentrated components,
i.e., populnin (29.51%, 21.94%), quercitrin (20.58%, 18.38%),
rutoside (8.27%, 9.60%), and hyperoside (6.62%, 7.97%)
extracted under the same experimental conditions from the
buds (RD) and petals (RD*) of Rose damascena, respectively.
Such minor differences did not affect the quality and synthesis

kinetics of the subsequent Au NPs syntheses (vide inf ra). Also,
due to the previous studies on bud extracts,23 it was decided
herein to continue the research only with this type of extract.
3.2. Characteristics of Au NPs Obtained Using Rose
Extracts

Plant-mediated synthesis of metallic nanostructures according
to ecofriendly, efficient, and controlled protocols offers hybrid
inorganic−organic nanostructures with potential and, most
importantly, undiscovered activity, with even potential additive
or synergetic activity. Our earlier scientific findings revealed
that Au NPs synthesized with the aqueous extract of Rosa
damascena (Au@RD NPs) exhibit selective cytotoxicity against
cancer cells (HL60, A549) over peripheral blood mononuclear
lymphocytes (PBML). Furthermore, a significantly higher level
of DNA damage was demonstrated in cancer cells than in
healthy somatic cells by the comet assay.23 This encouraged us
to continue the study of rose extracts to analyze also their
antimicrobial potential. Natural antimicrobial activity of rose
extracts is now widely investigated and well-documented in the
latest literature,38,39 drawing attention to the biocompatible
potential of these extracts, which can replace synthesized
chemical antiseptics and bactericidal.40,41 Importantly, as well,
an increasing number of scientific reports demonstrate clinical
trials of the use of rose extracts, in various medical applications,
for instance topical treatment,42,43 wounds healing,44 neuro-
cognitive disorder and depression,45 menopausal symptoms,46

and food contact packing.47,48 This emphasizes the application
potential of the investigated hybrid materials containing rose
extracts.
Plants and plant-derived extracts reduce metal ions,

following a natural detoxification process. Such a sustainable
approach combining two active components − metal NPs and
plant-derived metabolites − might indicate a high therapeutic

Figure 2. UV−vis spectra, TEM images, and size-distribution histograms for Au@RD NPs (A−C) and Au@RR NPs (D−F), respectively.
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potential of such hybrid NPs and allows us to discover their
unknown additive/synergetic activities. In the synthesis of
Au@RD NPs and Au@RR NPs colloids, the optimum time
was established to be 2 h, leading to monodisperse colloids in
terms of size and morphology. Most observed nanostructures
are spherical or near-spherical in shape. No rod-type
nanostructures, planar triangles, spikes, or other structures
were noted in any of the TEM images analyzed. As
confirmation of their monodisperse nature, narrow UV−vis

spectra having reduced peak widths at half heights with a clear
absorbance at 530−540 nm (Figure 2) were observed.
Monitoring the kinetics of the Au(III) ions reduction,

significant changes in the rate of this process were observed. In
the case of both extracts, stable and monodisperse colloids
were obtained after 2 h of reaction. However, differences in the
shape of the UV−vis spectrum (the appearance of a shoulder)
and a hypochromic shift of SPR from 538 nm (Au@RD NPs)
to 531 nm for Au@RR NPs were noticed (Supporting

Figure 3. (A) Antimicrobial activity of (a) rose extracts (RD, RR), (b) gold nanoparticles (Au@RD NPs, Au@RR NPs), and (c) the antibiotic
(rifampicin, RIFA in the figure legend). (B) Visualization of the antimicrobial activity of biologically active compounds by SEM for MRSA bacteria
strain; (d) untreated control; treated bacteria with (e) RR extract 50% (v/v), (f) rifampicin 0.005 μg/mL, (g) Au@RR NPs 0.8 mg/mL, (h) Au@
RR NPs 1 mg/mL, and (i) Au@RD NPs 0.6 mg/mL. Images (h) and (i) were taken using a backscattered electron (BSE) detector to highlight the
sharp contrast between the metal NPs and the surrounding organic material. (C) EDX analysis report for a sample treated with Au@RR NPs at a
concentration of 1 mg/mL.
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Information: Figure S2, Section S6. UV−vis monitoring of
kinetics of AuNPs formation). This indicates the formation of
slightly smaller NPs for the latter, however, with a tendency to
agglomerate as corroborated in Figure 2E. In-depth phys-
icochemical characterization of the resulting colloids allowed
us to determine the average physical/hydrodynamic diameters
being 25 ± 5 nm (PDI = 0.05)/39 ± 0.3 nm (PDI = 0.3) for
Au@RD NPs and 22 ± 6 nm (PDI = 0.07)/35 ± 0.7 nm (PDI
= 0.5) for Au@RR NPs. Furthermore, zeta potential values
were determined for the investigated colloids and were −35.83
± 0.69 mV (pH = 3.84) and −32.37 ± 1.06 mV (pH = 3.74)
for Au@RD NPs and Au@RR NPs, respectively. The latter
results indicate good colloidal stability for the resulting
dispersions. These results are also in agreement with the
stability tests conducted in cellular media, which are necessary
for the proper performance in the in vitro biological tests and
for their potential assessment in medical applications. The
conducted investigation did not show significant spectral
changes in the UV−vis spectra during incubation in the
DMEM medium supplemented with 1% FBS over 24 h at
different temperatures (Supporting Information: Section S7.
Stability of gold nanoparticles (Au@RD and Au@RR NPs) in
DMEM media): Figure S3).
Three compounds − populnin, catechin, and quercitrin,

identified as the main components derived from RD and RR
extracts (vide supra) − were selected to study their reducing
and stabilizing activities on the ionic gold precursor. The
synthesis of Au NPs with these compounds and their mixtures
was carried out under comparable conditions to those when
using the entire multicomponent extract. It was concluded that
none of the compounds alone can reduce Au(III) ions and
stabilize the resulting Au NPs. Colloids of comparable
morphology, size, and polydispersity to the ones obtained
from the whole extracts were obtained only in the case of a
mixture of populnin and catechin or polpulnin and quercitrin
of a similar composition (Supporting Information: Section S8.
Synthesis of Au NPs using polyphenols as reducing and stabilizing
agents: Figure S4). However, the stability of such dispersions
was very poor (vide photos). The best results, most similar to
the use of pure rose extracts, were obtained for multi-
component mixtures of populnin, catechin, quercitrin, and
gallic acid, occurring at the highest concentrations tested. This
confirmed the assumption that the multicomponent nature of
real extracts is required to stabilize Au colloids under the
conditions tested. At the same time, no single plant metabolite
was indicated to play a significant role in the conducted
syntheses of stable Au NPs. We hypothesized that the
multicomponent mixture was needed for the reduction,
capping, and stabilization of the resulting NPs because
different chemical functions are required to carry out those
three effects, and no single molecule can provide them
simultaneously. In addition, the synergistic interactions among
the multicomponent mixture create a mild yet efficient redox
environment, with its corresponding dynamic stabilization
effect. To corroborate these findings and in agreement with
our other investigations on polysaccharides (i.e., chitosan) and
their reductive potential toward Ag(I) and Au(III) ions,49,50

we demonstrated that small phenolic compounds such as
quercetin and quercitrin (a glycoside form that originated from
quercetin and the deoxy sugar rhamnose) in a mixture are
more potent reducing/stabilizing agents as chitosan alone is in
the reduction of Au(III) ions (Supporting Information:

Section S8. Synthesis of Au NPs using polyphenols as reducing
and stabilizing agents: Figure S5).
3.3. Determination of Minimum Inhibitory Concentration
Values

MIC values for (i) aqueous extracts of RD and RR, (ii) the
colloids Au@RD NPs and Au@RR NPs, and (iii) the
antibiotic rifampicin were determined in vitro against
methicillin-resistant Staphylococcus aureus (MRSA). The
dependence of the number of MRSA colonies on the
concentration of the tested extract/colloid/antibiotic, together
with the indicated MIC values, is presented in Figure 3A.
The MIC value was determined as the value corresponding

to the minimum concentration of the extract, colloid, and
antibiotic, causing a decrease in the number of bacterial
colonies of more than two logs compared to untreated
controls. In the case of RD extracts, the MIC was 60% (v/v),
while that for the RR was 40% (v/v). These differences can be
explained by the different compositions of the extracted
compounds, as determined using the HPLC technique. The
determined concentrations of the individual compounds were
markedly different, which influenced the observed activity of
the tested extracts, both in terms of the reduction potential of
the extract against Au(III) ions and on the observed biological
effect in vitro. In the case of the semisynthetic antibiotic
rifampicin, the MIC value was reached as very low
concentrations (i.e., 0.005 μg/mL) as expected for this potent
ansamycin antibiotic. MIC values of 0.8 and 1 mg/mL were
determined for Au@RD NPs and Au@RR NPs, respectively.
The lower MIC for Au@RD NPs compared to that for Au@
RR NPs can be explained by its higher gold content in the
resulting colloid, as it was determined by inductively coupled
plasma−mass spectrometry (ICP-MS) (Au@RD NPs: 0.092 ±
0.001 mg Au/mg NPs; Au@RR NPs: 0.061 ± 0.002 mg Au/
mg NPs).
Scanning electron microscopy (SEM) allowed us to visualize

the effect of the tested compounds on the tested MRSA
bacterial strain (Figure 3B). In detail, Figure 3B(d) shows the
characteristic spherical morphology of untreated bacteria. The
image of bacteria treated with a 50% (v/v) solution of RR
extract (Figure 3B(e)), a concentration 10% higher than the
MIC value observed, showed that the cell wall was
compromised, having large depressions/concavities, which
may indicate damage to this structure. In contrast, Figure
3B(f)) shows that the antibiotic rifampicin at a concentration
equal to its measured MIC value (0.005 μg/mL) did not
induce important membrane damage attributed to its reported
intracellular mechanism of antimicrobial action (i.e., by
inhibiting DNA transcription by binding to the bacterial
RNA polymerase enzyme). In the case of RR extracts, further
studies are needed to precisely determine the biological targets
in the bacterial cell that might be responsible for their
antimicrobial action. The images in Figure 3B(g)−(i) show a
visualization of the bacterial effect of Au@RR NPs (0.8 mg/
mL), Au@RR NPs (1 mg/mL), and Au@RD NPs (0.6 mg/
mL), respectively. By backscattered electron detection
(BSED), we observed interaction of the Au NPs with the
surface of the bacterial cells, probably due to supramolecular
interactions (e.g., hydrogen bonding). This could suggest that
their mechanism of action is to degrade or disrupt the integrity
of the bacterial wall.
In addition, energy-dispersive X-ray spectroscopy (EDX)

analysis was performed on selected samples to confirm the
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presence of gold. Gold was detected, as well as organic matter
attributed to the presence of organic material derived from
polyphenols, flavonoids, and other organic compounds
contained in the rose extracts. Figure 3C shows a
representative example taken at two different points in a
bacterial sample treated with Au@RR NPs with a concen-
tration equal to its MIC value (1 mg/mL).
3.4. Determination of Fractional Inhibitory Concentration
Index

We also investigated the possibility of potential additive or
synergy effects between rose extracts and antibiotics to
potentially reduce the doses of antibiotics required to exert
antimicrobial action and, consequently, to reduce the chances
to develop resistance. Conjugates of metallic NPs with
antibiotics, or other substances with reported antimicrobial
activity, have many advantages such as improved efficacy
against several targets, having multiple mechanisms of action,
slowing the emergence of resistant microorganisms, reducing
required doses to exert an effect, or increasing the spectrum of
antimicrobial activity33

To determine a possible type of interaction (additive/
synergistic) between the selected antibiotic and the studied RR
plant extracts, the FICI value was determined as depicted in
the Supporting Information (Section S9. Fractional inhibitory
concentration index (FICI): Figure S6). It was shown that
additivity (FICI = 0.626 ± 0.160) was observed for
combinations of RR extracts and selected antibiotic. This
type of interaction indicates different mechanisms of
antimicrobial action for both compounds, resulting in an
additive antimicrobial effect when combined. Although no
synergy was observed, an additive effect might be beneficial
when treating pathogenic bacteria because lower doses for the
individual antibiotic would be needed in combination with RR
plant extract while still achieving the desired therapeutic effect

and, consequently, reducing the chances of developing
resistance. In our study, we addressed AMR through two
complementary strategies. On the one hand, the use of rose-
derived extracts enables a reduction in the required antibiotic
concentration to achieve effective antimicrobial activity. On
the other hand, both the broad-spectrum phytochemical
antimicrobial effect of the plant-derived extracts and the
multifunctional antimicrobial mechanisms of their correspond-
ing Au NPs contribute to minimizing the likelihood of
resistance development.
3.5. Study on Antibiofilm Activity In Vitro

Biofilm inhibition experiments were performed by using the
crystal violet (CV) assay and the microdilution method
(Figure 4) to elucidate the effectiveness of the developed
colloids against sessile bacteria.
Considering the CV results for both extracts (RD, RR), a

large inhibition in the production of the biomass was observed
at all tested concentrations. For Au NPs colloids, a decrease in
the formed biomass was also measured, except for Au@RR
NPs at the lowest concentration tested. For both extracts and
nanoparticles obtained from RD, greater inhibitory activity was
observed in terms of biomass reduction relative to that
measured for the compounds containing RR. To determine
whether the inhibition of biofilm formation was attributed to a
lack of viable bacteria or to a reduction in biomass production,
the microdilution test was carried out, concluding that biomass
production was inhibited and a slight antimicrobial effect was
observed at the highest doses tested. It should also be taken
into account that some components present in the tested
compounds could inhibit the communication pathways in
bacteria (quorum sensing, QS) as reported for other plant-
derived extracts.51,52 The differences in the observed inhibitory
activities for the RD and RR-containing compounds could be
attributed to their different compositions. The RD extract from

Figure 4. MRSA biofilm inhibition: (A, B) reduction of biomass production determined by the CV assay; (C, D) inhibition of bacteria growth
evaluated by the microdilution assay. Statistically significant differences between sample and growth control are indicated as **** p < 0.0001 and
*** p < 0.001.
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buds contained a significantly larger amount of quercitrin, a
derivative of quercetin, which, according to the literature, has a
bacteriostatic and antibacterial effect53−55

3.6. Cytotoxicity Studies In Vitro

To assess the safety of the tested biologically active
compounds in vitro, the immortalized human keratinocyte
line HaCaT was used, and the cells were treated with different
concentrations of rose extracts and gold nanoparticle colloids.
The cytotoxic effect of the compounds was evaluated using the
MTT assay 24 h after treatment (Figure 5).
The results indicate the comparable effect of both RR and

RD extracts on HaCaT cell viability. RR and RD extracts at the

concentration of 0.05 mg/mL or lower did not induce
significant cytotoxicity (viability: for RD 73 ± 7%, for RR 74
± 8%). Rose extracts combined with gold nanoparticles
exhibited even lower toxicity than the extracts themselves. At a
comparable concentration of 0.05 mg/mL, these compounds
were not cytotoxic to the cells (viability for Au@RD: 86 ±
10%; for Au@RR: 85 ± 10%); however, at a higher
concentration of 0.5 mg/mL, the treatment resulted in
decreased cell viability (Au@RD: 62 ± 7%; Au@RR: 61 ±
6%). Noteworthy, for concentrations equal to the MIC values
that were 0.8 and 1 mg/mL for Au@RD NPs and Au@RR
NPs, respectively, around 50% of cells were viable. This
observed dose-dependent cytocompatibility allows one to

Figure 5. Concentration-dependent viability of HaCaT cells 24 h after incubation with RD and RR extracts (A) and Au@RD NPs and Au@RR
NPs (B). All the experiments were performed at least three times in triplicate. ****, ***, **Statistically significant differences between sample and
growth control: p < 0.0001, p < 0.001, p < 0.01, respectively.

Figure 6. Effect of tested compounds at selected concentrations on the gene expression of the pro-inflammatory cytokines (A) and apoptotic/
autophagic markers (B) and in HaCaT cells after 24 h of treatment. CTRL − control (untreated cells), RD − 0.05 mg/mL RD extract, RR − 0.05
mg/mL RR extract, Au@RD − 0.1 mg/mL Au@RD NPs, Au@RR − 0.1 mg/mL Au@RR NPs. The GAPDH gene was used as a reference. All of
the experiments were performed at least 6 times. Each dotted line represents one sample. Data are presented as means + SD. Statistical significance
(in comparison to the control group) was analyzed using one-way ANOVA followed by Tukey's test. *Statistically significant difference between
RR sample and control (p ≤ 0.05).
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assume that the investigated nanocolloids, in appropriately
selected doses, can be used as safe, biocompatible, bacterio-
static materials.
The above results are in line with the reports of Wang et

al.,56 showing a low cytotoxic effect of Au NPs enriched with
RR extract, in vitro, and also on HaCaT cells. Furthermore, our
findings are in agreement with other authors who claim that
spherical NPs obtained using the plant extract (physical size up
to ca. 30 nm) are less toxic than their anisotropy counter-
parts.57 In general, it can be postulated that the plant extracts,
as a source of reducing and stabilizing agents, lead to the
formation of Au NPs coated with nontoxic biological
molecules. Such nanoformulations contribute to lower
cytotoxic effects compared to chemically synthesized Au NPs.
3.7. In Vitro Analysis of Gene Expression upon Treatment
by Reverse Transcription Quantitative PCR (RT-qPCR)

To further confirm the safety of rose extracts and the
corresponding Au nanocolloids, the regulation of gene
expression for inflammatory and cell death markers were
investigated. HaCaT cells were treated with the investigated
extracts and colloids, and the gene expression was evaluated
after 24 h of treatment compared with the untreated control
cells.
Importantly, none of the tested compounds induced the

significant expression of pro-inflammatory cytokines genes IL-
1β, IL-6, and CXCL8 in HaCaT cells (Figure 6A).
Interestingly, in the group treated with the Rosa rugosa extract
(RR), a significant downregulation of the CXCL8 gene was
observed compared to that of the control. IL-8 is a key pro-
inflammatory chemokine involved in neutrophil recruitment
and the amplification of inflammatory responses. The absence
of CXCL8 induction, together with unchanged levels of IL-1β

and IL-6, indicates that these systems do not exert broad
immunosuppressive effects but rather maintain a noninflam-
matory state, which is advantageous for therapeutic strategies.
Next, the expression of genes involved in cell death

particularly related to apoptosis and autophagy − TP53
(gene encoding tumor protein 53), MAP1LC3B (gene
encoding ubiquitin-like microtubule-associated protein 1 light
chain 3 beta), SQSTM1 (gene encoding sequestosome protein
1/SQSTM1) − were evaluated. Results showed the expression
of the TP53 gene at control levels in all experimental
conditions (Figure 6B), indicating an antiapoptotic effect.
The TP53 gene encodes p53 protein, which is responsible for
activating DNA repair mechanisms or directing damaged cells
toward apoptosis.58 Upregulation of this gene is often observed
for compounds with anticancer/pro-apoptotic profiles.59

In general, nanomaterials can lead to autophagy, a process of
cell death regulation by recycling proteins and organelles from
damaged cells. This is realized by transporting inessential or
harmful materials (i.e., nanomaterials) to lysosomes for
degradation and recycling. The final and obligatory steps for
the termination of autophagy are the fusion of autophago-
somes and lysosomes and the formation of autolysosomes.60,61

Hence, next, the impact of tested compounds on the
expression of autophagic markers, representing control points
at different stages of the process induction, was evaluated.
MAP1LC3B that encodes the LC3 protein is responsible for
the cellular autophagic flux and is essential for autophagosome
formation. While SQSTM1 is a key indicator of lysosomal
degradation as it binds various misfolded protein aggregates
and recruits them to autophagosomes for clearance.62 Analysis
of gene expression showed that none of the tested formulations
(extracts alone and the corresponding Au nanocolloids)
significantly increased the expression of both autophagy

Figure 7. Assessment of the toxicity of the tested compounds using zebrafish larvae. Larvae were treated with selected compounds at indicated
concentrations by either immersion (A−C) or systemic microinjection (D−F). (A, D) Experimental schemes, (B, E) percentage of healthy, ill, or
dead larvae 72 h after treatment with the compounds. (C, F) representative images of zebrafish larvae 72 h after treatment with the compounds. All
concentrations of tested compounds are in μg/mL; “+” indicates a mixture of nanoparticles and appropriate extract. Statistical significance (in
comparison to the control group) was analyzed using one-way ANOVA followed by Tukey's test. Data did not reveal statistically significant
differences. N = 50. The scale bar is 1 mm.
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markers MAP1LC3B and SQSTM1 (Figure 6B). These results
are in agreement with the latest work revealing that the Au
NPs induce autophagosome accumulation resulting from
blockade of autophagy flux and leading to lysosomes
impairment, rather than induction of autophagy.63,64

Overall, these results indicate that the rose extracts (RD and
RR) and Au nanoparticles (Au@RD NPs and Au@RR NPs) at
tested concentrations do not induce inflammatory response
and apoptotic/autophagic cell death of HaCaT cells,
supporting our previous observations of cell viability. These
compounds can be considered biocompatible, potentially reach
therapeutic concentrations, and be further tested in vivo.
3.8. In Vivo Study Using Zebrafish Larvae

Currently, due to the rapid development of nanosystems for
drug discovery, in vivo models are needed to perform a wide-
scale screening of these formulations. However, rodent models
are expensive, time-consuming, and ethically restricted, which
limits the number of potential drugs feasibly assessed in a
single study. In contrast, zebrafish (Danio rerio) is a very
powerful model for high-throughput drug screening, and it is
widely used for toxicological studies.65 Moreover, zebrafish
share high genetic and anatomical similarities with humans66

and conserved cellular mechanisms, allowing for successful
testing of potential drugs for human diseases and uncovering
their mechanism of action.67 In addition, larval transparency
allows for easy observation of any unwanted side effects of the
tested compound. It is also possible to conduct studies on
many zebrafish larvae in experimental groups, thus allowing for
the drawing of statistically significant conclusions. Therefore,
next, an in vivo zebrafish larval model was employed to assess
the toxicity of the tested compounds (Figure 7). A detailed
description of experimental conditions along with the
explanation of sample preparation is included in the
Supporting Information (Section S4. In vivo study using
zebraf ish larvae: Table S4).
To evaluate the toxicity of the tested compounds, the two

most commonly used approaches were utilized − the
immersion and intravenous microinjection methods.68 During
immersion, tested compounds were directly added to the fish
tank medium, allowing for absorption through the skin and
gills. As the final concentration absorbed by the fish is
unknown in this experimental case, furthermore, precise
investigations are needed. However, these results show the
lack of toxic effects (Figure 7A−C) when the animals were
exposed to external contact with the nanomaterials and to their
absorption from the environment in which they live. Then,
microinjection was performed intravenously into the Duct of
Cuvier, ensuring a systemic distribution of the tested
compounds. At 72 h post-treatment, the number of healthy,
ill (presenting any morphological abnormalities), or dead
larvae was counted (Figure 7D−F). The results indicate that
rose extracts and gold nanoparticles are nontoxic to zebrafish
larvae even at the highest tested concentrations when applied
by both immersion and microinjection. No significant changes
in the larval death rate and morphology were observed in
treated larvae, suggesting the biocompatibility of the
investigated extracts (RD and RR) and the corresponding Au
NPs (Au@RD NPs and Au@RR NPs). These observations are
in line with the current results in general confirming
nontoxicity of Au NPs on zebrafish embryos.69−73

To the best of our knowledge, this is the first time that the
zebrafish model was used to test the rose extracts and Au NPs

modified with rose extracts as biomimetic metallic nano-
particles. Overall, the in vitro and in vivo safety profile of the
tested compounds supports their potential for further
evaluation as antibacterial and immunomodulatory candidates
while acknowledging that additional studies are necessary to
confirm these properties. As zebrafish have been previously
established for modeling human bacterial infections such as
Staphylococcus aureus74 or Porphyromonas gingivalis,26 it can be
a powerful tool to further study the effect of the compounds
used in this study on infection with selected human bacterial
pathogens.

4. CONCLUSIONS
In this study, biomimetic Au@RD NPs and Au@RR NPs
obtained via a sustainable approach without any additional
toxic reducing or stabilizing chemical reagents were synthe-
sized and characterized. Only whole aqueous extracts of Rosa
damascene and Rosa rugosa resulted in the formation of stable,
monodisperse nanoparticles from metallic gold precursors,
while individual compounds extracted from the roses were not
enough to act as reducing and capping agents to produce stable
metallic gold. Then, the biological study, both in vitro and in
vivo in terms of cytotoxicity and antibacterial activity, revealed
no acute cytotoxicity (HaCaT cell line, zebrafish larval model)
but bacteriostatic activity at equivalent doses with potent
inhibition of biofilm formation (MRSA strain). Noteworthy,
the additivity of rose extracts with rifampicin improved the
antibacterial activity of the individual components, indicating
their different mechanism of antimicrobial action (observed
also by SEM analysis) and highlighting the potential to combat
the acquisition of bacterial resistance when combined. The
absence of changes in the expression of pro-inflammatory
cytokine genes such as IL-1β and IL-6 or even decreasing the
expression of CXCL8 following treatment of HaCaT cells with
rose extracts and the corresponding Au nanocolloids indicates
that these compounds do not trigger an inflammatory
response, suggesting their biocompatibility with human cells.
Furthermore, evaluation of TP53, MAP1LC3B, and SQSTM1
gene expression allowed us to suggest that neither apoptotic
nor autophagic cell death as the dominating mode of action of
the extracts and the resulting Au colloids on keratinocytes, in
addition confirming their biosafety in vitro. In final, at the
studied doses, the survival of Danio rerio larvae and their
proper development (lack of deformities) confirmed bio-
compatibility in vivo.
Given these advantages, we envision a huge biomedical

potential for Au@RD NPs and Au@RR NPs characterized by
their colloidal stability, biocompatibility, and antibacterial
potential against planktonic and sessile bacteria. These
attractive inorganic−organic antibiotic-like hybrids composed
of metal nanoparticles and plant-derived metabolites deserve
further investigation as suitable alternatives to commercially
available antibiotics. We anticipate that a combination therapy
based on the proposed “metallo-drugs” will be a powerful way
to combat antimicrobial resistance due to its multitargeted
mode of action while being nontoxic systemically.
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