
Vol.: (0123456789)
1 3

Biometals (2024) 37:115–130 
https://doi.org/10.1007/s10534-023-00532-7

RESEARCH

Antibacterial and antioxidant activity of gold and silver 
nanoparticles in dextran–polyacrylamide copolymers

Anton Tkachenko · Sadin Özdemir · Gülşah Tollu · Nadir Dizge · 
Kasim Ocakoglu · Volodymyr Prokopiuk · Anatolii Onishchenko · 
Vasyl Сhumachenko · Pavlo Virych · Vadym Pavlenko · Nataliya Kutsevol

Received: 4 April 2023 / Accepted: 22 August 2023 / Published online: 31 August 2023 
© The Author(s), under exclusive licence to Springer Nature B.V. 2023

Abstract  Search for new antimicrobial agents is 
of great significance due to the issue of antimicro-
bial resistance, which nowadays has become more 
important than many diseases. The aim of this study 
was to evaluate the toxicity and biological effects of 
a dextran-graft-polyacrylamide (D-PAA) polymer-
nanocarrier with/without silver or gold nanoparticles 
(AgNPs/D-PAA and AuNPs/D-PAA, respectively) 
to analyze their potential to replace or supplement 
conventional antibiotic therapy. The toxicity of nano-
complexes against eukaryotic cells was assessed on 
primary dermal fibroblasts using scratch, micronu-
cleus and proliferation assays. DPPH (2,2-diphenyl-
1-picrylhydrazylradical) assay was used to evaluate 
the antioxidant capacity of D-PAA, AgNPs/D-PAA 
and AuNPs/D-PAA. DNA cleavage, antimicrobial 

and biofilm inhibition effects of nanocomplexes were 
investigated. Nanocomplexes were found to be of 
moderate toxicity against fibroblasts with no genotox-
icity observed. AgNPs/D-PAA reduced motility and 
proliferation at lower concentrations compared with 
the other studied nanomaterials. AgNPs/D-PAA and 
AuNPs/D-PAA showed radical scavenging capaci-
ties in a dose-dependent manner. The antimicrobial 
activity of AgNPs/D-PAA against various bacteria 
was found to be much higher compared to D-PAA 
and AuNPs/D-PAA, especially against E. hirae, E. 
faecalis and S. aureus, respectively. D-PAA, AgNPs/
D-PAA and AuNPs/D-PAA showed DNA-cleaving 
and biofilm inhibitory activity, while AgNPs/D-PAA 
displayed the highest anti-biofilm activity. AgNPs/D-
PAA and AuNPs/D-PAA were characterized by good 
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antimicrobial activity. According to the findings of 
the study, AgNPs/D-PAA and AuNPs/D-PAA can 
be evaluated as alternatives for the preparation of 
new antimicrobial agents, the fight against biofilms, 
sterilization and disinfection processes. Our find-
ings confirm the versatility of nanosystems based on 
dextran–polyacrylamide polymers and indicate that 
AgNPs/D-PAA and AuNPs/D-PAA can be evaluated 
as alternatives for the preparation of novel antimicro-
bial agents.

Keywords  Gold nanoparticles · Silver 
nanoparticles · Antimicrobial activity · Antioxidant · 
DNA cleavage

Introduction

Gold (Au) and silver (Ag) nanoparticles (NPs) are 
currently under vigorous investigation as potential 
antimicrobial agents that can contribute to strug-
gling with antimicrobial resistance, especially in 
case of multidrug-resistant microorganisms (Okkeh 
et al. 2021; Bruna et al. 2021; Gherasim et al. 2020; 
Zhang et al. 2015), which has become a serious threat 
over the last decades (Abushaheen et al. 2020; Frieri 
et al. 2017). Given the major mechanisms of antimi-
crobial activity for NPs, including reactive oxygen 
species (ROS) generation with subsequent damage 
to macromolecules such as DNA, phospholipids and 
proteins, cell membrane disruption, release of heavy 
metals binding to functional groups of proteins and 
inactivating them, inhibition of biofilm formation and 
bacterial efflux pumps, it is a more complicated task 
for microorganisms to develop resistance mechanisms 
compared with the conventional antibiotics (Lee et al. 
2019; Niño-Martínez et al. 2019). However, molecu-
lar mechanisms through which metal NPs exert their 
antibacterial action are less specific against prokary-
otes than eukaryotes in comparison with the tradi-
tionally used antibiotic agents. This suggests that the 
investigation of potential NPs-based antimicrobial 
agents requires a detailed analysis of their toxicity 
against the host cells. Furthermore, another strat-
egy that is widely implemented to reduce the toxic-
ity of metal NPs implies the application of polymer 
coating or incorporation of NPs into polymers (Flo-
ris et  al. 2021; Długosz et  al. 2020; Najahi-Mis-
saoui et  al. 2020). In addition to the safety profiles, 

biocompatible polymers improve pharmacokinetic 
effects and increase the therapeutic effectiveness of 
nanomaterials-based agents (Karabasz et al. 2020). In 
particular, noble metals can be embedded into poly-
mers (Prakash et al. 2015). Gold (AuNPs) and silver 
nanoparticles (AgNPs) are widely used for diagnostic 
and therapeutic purposes, including as bioimaging, 
antibacterial and anticancer agents (Klębowski et  al. 
2018). Despite modifiable physicochemical proper-
ties and morphology, AuNPs and AgNPs are used in 
a limited way due to their non-selective action and 
toxicological effects. However, there is accumulating 
evidence that polymer matrices prevent the aggrega-
tion of metal NPs, increase their bioavailability and 
expand the range of biological activities (Reznickova 
et  al. 2015). Particularly, nanosystems have been 
reported to be combined with antibodies, small bio-
logically active molecules and photosensitizers to 
expand functional properties (Mohd-Zahid et  al. 
2021; Fadel et al. 2018; Feng et al. 2021; Elbaz et al. 
2016). Furthermore, nanosystems have been demon-
strated to acquire antioxidant properties after combi-
nation of AuNPs and AgNPs with plant extracts and 
some polymers (Zulfiqar et al. 2022; Maraveas et al. 
2021). Antioxidant polymers of natural and synthetic 
origin have found their application in drug delivery, 
antimicrobial therapy, polymer biodegradation, etc. 
(Brito et al. 2021). Thus, the combination of a poly-
mer component with AuNPs and AgNPs ensures the 
creation of general biologically active systems with a 
wide spectrum of activities and reduced cytotoxicity.

Experimental evidence suggests that dextran–co-
polyacrylamide (D-PAA) polymer shows good bio-
compatibility (Tkachenko et al. 2022). This polymer 
can be used to develop D-PAA/AuNPs and D-PAA/
AgNPs nanocomplexes as a platform for creating effi-
cient multicomponent nanodrugs suitable for chemo- 
and photodynamic therapy (Chumachenko et al. 2016; 
Kutsevol et al. 2018; Kutsevol et al. 2022). İn the pre-
sent study, we evaluated the antibacterial potential of 
D-PAA and its complexes with AuNPs and AgNPs 
providing some more insights into understanding the 
safety profile of these nanocomplexes. Thus, we focus 
on revealing their antibacterial effects supplementing 
our data with novel experimental findings on the tox-
icity of D-PAA polymer and AgNPs/AuNPs-D-PAA 
nanocomplexes against host cells.
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Materials and methods

Reagents for synthesis of nanocomplexes

All chemicals used for the synthesis of nanocom-
plexes were purchased from Merck (Germany) 
and used without further purification except it was 
explicitly mentioned.

Polymer nanocarrier

Star-shaped D-PAA copolymer used as a matrix 
in the current study was synthesized using 
Ce4+-initiated radical graft polymerization (Kut-
sevol et  al. 2012). The average molecular weight 
of this polymer determined by size-exclusion chro-
matography was Mw = 2.17 × 106  g/mol, while its 
polydispersity index was Mw/Mn = 1.56.

Synthesis of AuNPs/D‑PAA nanocomplex

Initially, 0.5 mL gold precursor solution of HAuCl4 
(3 × 10−4  mol) was added to 5 mL D-PAA aque-
ous solution (1  g/L) and stirred for 20  min. 
Thereafter, the freshly prepared NaBH4 solution 
(1.2 × 10−3 mol) was added dropwise during 1 min 
under vigorous stirring (Yeshchenko et al. 2018).

Synthesis of AgNPs/D‑PAA nanocomplex

Firstly, 0.1 mL silver precursor solution of AgNO3 
(3 × 10−4  mol) was added to 5 mL D-PAA aque-
ous solution (1  g/L) and stirred for 20  min. Then 
freshly prepared NaBH4 solution (1.2 × 10−3  mol) 
was added dropwise during 1  min under vigorous 
stirring (Chumachenko et  al. 2014;   Bulavin et  al. 
2016).

Dynamic light scattering

Dynamic Light Scattering (DLS) was performed on 
Malvern Zeta sizer (Malvern) provided with a 633 nm 
He–Ne laser. At least 7 correlation functions were 
recorded for each sample at a scattering angle of 
173°. Particle size distribution (PSD) was estimated 
using inverse Laplace transforms implemented by 

regularized singular value decomposition using an 
approach reported earlier (Chumachenko et al. 2017).

Transmission electron microscopy (TEM)

The images of nanomaterials were obtained employ-
ing JEM 1000 (JOEL, Japan). Copper grids with 
a plain carbon film were used for sample prepara-
tion (Elmo, Cordouan Technologies, Bordeaux, 
France). A 5 µL drop was deposited and let adsorbed 
for 1  min, and then, the excess of the solution was 
removed with a piece of filter paper. Image process-
ing and size measurements were conducted using 
ImageJ 1.4 software.

Cultured fibroblasts

The primary fibroblast culture was obtained using 
the cells isolated from skin of rat embryos enzymati-
cally (Sorokin et al. 2022). Cultivation was performed 
in Dulbecco’s modified Eagle’s medium (DMEM, 
Biowest, France) containing 10% fetal bovine serum 
(BioWhittaker® reagents, Lonza, Belgium) at 5% 
CO2 and 37 °C up to passages 3–4. Culture medium 
was changed after 72 h of incubation.

Scratch assay

To perform the scratch assay, the fibroblasts were har-
vested by trypsinization and sub-cultured on 24-well 
plates (n = 6). As soon as the confluent monolayer 
was reached, the cells were scratched using a plastic 
pipette tip. D-PAA, AgNPs/D-PAA, and AuNPs/D-
PAA nanocomplexes were added at concentrations 
of 0–2–5–10–20–30–50 mg/L. The width of cell-free 
area was determined following 24 h in 5 regions per 
well (Sorokin et al. 2022).

Proliferation assay

The fibroblasts were placed in 12-well plates at 105 
cells per well for 24  h (n = 6). They were exposed 
to D-PAA, AgNPs/D-PAA, and AuNPs/D-PAA at 
0–2–5–10–20–30–50  mg/L following the formation 
of monolayer. Following 72  h, the fibroblasts were 
harvested by trypsinization, and their doubling time 
was counted (Sorokin et al. 2022).
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Micronucleus assay

After seeding the fibroblasts in 24-well plates 
(n = 6), they were treated with D-PAA, AgNPs/
D-PAA, and AuNPs/D-PAA nanocomplexes at 
0–2–5–10–20–30–50  mg/L. The cells were stained 
using Giemsa staining after 72  h. The number 
of fibroblasts with micronuclei was determined 
(Sorokin et al. 2022). Numerical data are expressed 
as % of cells containing micronuclei.

Antioxidant activity

Antioxidant activities of D-PAA, AgNPs/D-PAA and 
AuNPs/D-PAA were performed as reported earlier 
with some modifications (Salih Ağırtaş et  al. 2015). 
UV–visible spectrophotometer was screened to evalu-
ate the scavenging capacity of DPPH (2,2-diphenyl-
1-picrylhydrazylradical). Due to its one-electron par-
amagnetic nature, DPPH behaves like a stable radical 
and color change is observed due to the reaction. 
The color change varies from purple to light yellow. 
The stock solutions of D-PAA, AgNPs/D-PAA and 
AuNPs/D-PAA were prepared at a concentration of 
500  mg/L in DMSO. Thereafter, solutions with dif-
ferent concentrations (3.125–6.25–12.5–25–50 mg/L) 
were prepared from the stock solution by serial dilu-
tion. A total volume of 0.5 mL of each nanomate-
rial was transferred at different concentrations to test 
tubes used for the assay to be performed, and 2 mL of 
DPPH solution was added to each tube. After shaking 
vigorously, the test tubes were incubated for 30 min 
in the dark. Ascorbic acid (AA) and Trolox were used 
as references. When all steps of the assay were com-
pleted, the absorbance values of each solution were 
measured at 517 nm. The percentage of free radical 
scavenging activity of the tested samples expressed 
as the percent of DPPH inhibition (%), was calculated 
according to Formula 1.

DNA incision

Agarose gel electrophoresis (AGE) was used 
to examine the interactions of compounds with 

(1)

Capacity (%) =

(

Abs (control) − Abs (sample)

Abs (control)

)

× 100

supercoiled pBR322 plasmid DNA. The complexes 
were incubated with pBR322 DNA for 120  min at 
37.5 °C in the dark. Loading dye was added before 
D-PAA, AgNPs/D-PAA and AuNPs/D-PAA were 
loaded into a 1% agarose gel wells. Then AGE 
assay was performed in 1×  TAE buffer at 110  V 
for 1  h. DNA images were acquired using a UV 
transilluminator.

Antimicrobial activity

Three gram-negative (−) bacteria, including Escheri-
chia coli (ATCC 10,536), Legionella pneumophila 
subsp. pneumophila (ATCC 33,152), Pseudomonas 
aeruginosa (ATCC 9027), and three gram-positive 
(+) bacteria, such as Staphylococcus aureus (ATCC 
6538), Enterococcus hirae and E. faecalis (ATCC 
292,112), as well as two fungal species such as Can-
dida parapisilosis and Candida tropicalis (ATCC 
750), were used for the evaluation of the antimicro-
bial activity of D-PAA, AgNPs/D-PAA and AuNPs/
D-PAA. All cultures were incubated at 37  °C over-
night using nutrient broth (NB) as a medium. The 
antimicrobial activity of D-PAA, AgNPs/D-PAA and 
AuNPs/D-PAA was studied using 1:1 serial dilutions 
in 96-well microplates. After the dilution step, micro-
bial inoculation was done and the samples were incu-
bated for 24 h at 37 °C. The lowest D-PAA, AgNPs/
D-PAA and AuNPs/D-PAA concentrations with no 
microbial growth were determined as the minimum 
inhibition concentration (MIC) value.

Antibiofilm activity

The studied nanomaterials were first added to 
the wells. Anti-biofilm activity was determined 
in a 24-well plate using different concentrations 
(62.5–125–250 mg/L) of D-PAA, AgNPs/D-PAA and 
AuNPs/D-PAA. Then cultured S. aureus and P. aer-
uginosa were added. Bacterial culture with no added 
nanostructured materials was used as a control. The 
prepared plates were further incubated at 37.5 °C for 
3 days. When the incubation period was completed, 
the adherent cells remaining in the wells were gen-
tly washed twice with distilled water. The plates 
were then dried for 1 h at 80  °C. Upon completion, 
the plates were incubated for 1 h using crystal violet 
(CV) to stain the biofilms. CV was discarded and the 
plates were then slowly washed with distilled water 
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twice to remove remaining CV. Ethanol was added 
to extract CV measured using a spectrophotometer at 
595 nm. The obtained values were processed accord-
ing to Eq. (2).

Cell viability

Microbial cell viability inhibition of D-PAA, AgNPs/
D-PAA and AuNPs/D-PAA were investigated accord-
ing to the method reported earlier (Gümüşgöz Çelik 
et al. 2022).

Statistical analysis

Data obtained in assays performed on cultured fibro-
blasts were statistically processed using GraphPad 
Prism 5.0 (USA) carrying out Kruskal–Wallis and 
Dunn’s tests. P values below 0.05 were considered 
statistically significant. Data are shown as Me and 
IQR.

Results

Characterization of nanocomplexes

Analysis of TEM images (Fig.  1) confirms DLS 
radii values of 5.5 ± 2.0 nm and 5.0 ± 2.0 nm for Au 
and Ag NPs, respectively. Particle hydrodynamic 

(2)

Biofilm inhibition(%) =

(

Abs (control) − Abs (sample)

Abs (control)

)

× 100

radii (RH) distribution of D-PAA, AgNPs/D-PAA 
and AuNPs/D-PAA derived from DLS data are 
shown in Fig.  2. D-PAA PSD includes a single 
peak with a maximum at RH = 40 nm correspond-
ing to D-PAA macromolecules. As seen from PSD 
of AgNPs/D-PAA and AuNPs/D-PAA (Fig. 2, blue 
and red lines, respectively), the second intensive 
peak position didn’t significantly change compared 
to D-PAA and corresponded to D-PAA macromol-
ecules. The first peaks at maxima of RH = 4  nm 
for AuNPs/D-PAA and RH = 2.5  nm for AgNPs/
D-PAA corresponded to AuNPs and AgNPs, 
respectively.

Fig. 1   TEM image and 
particle radii distribution of 
AuNPs/D-PAA (panel a) 
and AgNPs/D-PAA (panel 
b)

Fig. 2   Particle hydrodynamic radii distribution for D-PAA 
copolymer (black line), AuNPs/D-PAA (red line) and AgNPs/
D-PAA
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Fig. 3   Cultured fibroblast monolayer following scratching in a control sample (panel a) and following 24 h of exposure to AgNPs/D-
PAA at 50 mg/L (panel b). Scale bar is 200 μm

Table 1   Quantitative analysis of migratory and proliferative capacities of fibroblasts exposed to DPAA, AgNPs/D-PAA and AuNPs/
D-PAA nanocomposites

Parameter, unit The width of scratch 
(scratch assay), µm

Doubling time (proliferation assay), h Number of cells (prolifera-
tion assay), 106

Concentrations, samples

0 mg/L D-PAA AuNPs/D-
PAA AgNPs/D-
PAA

0.00 [0.00; 0.00] 146 [136; 150] 1.40 [1.30;1.53]

2 mg/L D-PAA 0.00 [0.00; 0.00], p > 0.05 76 [70; 84], p < 0.01 1.95 [1.88; 2.08], p < 0.01
AuNPs/D-PAA 0.00 [0.00; 0.00], p > 0.05 109 [105; 111], p < 0.01 2.00 [1.88; 2.13], p < 0.01
AgNPs/D-PAA 0.00 [0.00; 0.00], p > 0.05 108 [103; 113], p < 0.01 1.60 [1.58; 1.65], p > 0.05

5 mg/L D-PAA 176 [167; 186], p > 0.05 89 [83; 97], p > 0.05 1.85 [1.60; 1.90], p > 0.05
AuNPs/ D-PAA 0.00 [0.00; 0.00], p > 0.05 103 [100; 115], p < 0.01 2.00 [1.93; 2.13], p < 0.01
AgNPs/D-PAA 359 [321; 379], p > 0.05 105 [101; 111], p < 0.01 1.60 [1.50; 1.73], p > 0.05

10 mg/L D-PAA 352 [328; 363], p < 0.01 90 [85; 96], p > 0.05 1.75 [1.53; 1.90], p > 0.05
AuNPs/D-PAA 0.00 [0.00; 38.25], p > 0.05 145 [142; 150], p > 0.05 1.55 [1.48; 1.63], p > 0.05
AgNPs/D-PAA 542 [499; 572], p > 0.05 148 [143; 151], p > 0.05 1.35 [1.25; 1.43], p > 0.05

20 mg/L D-PAA 350 [331; 372], p < 0.01 119 [112; 124], p > 0.05 1.50 [1.18; 1.68], p > 0.05
AuNPs/D-PAA 155 [129; 197], p > 0.05 0.00 [0.00; 0.00], p < 0.001 1.55 [1.48; 1.63], p > 0.05
AgNPs/D-PAA 710 [673; 731], p < 0.001 0.00 [0.00; 0.00], p < 0.001 0.95 [0.80; 1.03], p > 0.05

30 mg/L D-PAA 352 [342; 363], p < 0.001 151 [146; 163], p > 0.05 1.40 [1.38; 1.50], p > 0.05
AuNPs/D-PAA 178 [103; 206], p < 0.01 Negative values 1.55 [1.38; 1.70], p > 0.05
AgNPs/D-PAA 731 [674; 772], p < 0.001 Negative values 0.70 [0.60; 0.80], p > 0.05

50 mg/L D-PAA 354 [317; 400], p < 0.001 230 [218; 238], p > 0.05 1.20 [1.08; 1.22], p > 0.05
AuNPs/D-PAA 219 [210; 237], p < 0.001 Negative values 1.50 [1.38; 1.53], p > 0.05
AgNPs/D-PAA 752 [705; 784], p < 0.0001 Negative values 0.55 [0.48; 0.63], p < 0.001
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Scratch assay

As shown in Fig.  3, following 24  h, the confluent 
monolayers with spindle-shaped fibroblasts were 
observed in control samples. Low concentrations 
of nanocomplexes had no impact on cell migratory 
capacities. However, an increase in concentrations 
resulted in the reduced migration. AgNPs/D-PAA 
nanocomposite was found to have the highest inhib-
iting activity (Table 1; Fig. 3).

Proliferation assay

Low concentrations of D-PAA, AgNPs/D-PAA 
and AuNPs/D-PAA were shown to have the 
stimulatory effect on proliferation. AuNPs/D-
PAA nanocomplexes reduced proliferation with 
increasing concentrations. AgNPs/D-PAA nano-
materials diminished the cell viability, since at a 
concentration of 20 mg/L, the number of collected 
cells was equal to the amount of the seeded ones, 
while a further increase in the concentrations of 
nanocomplexes was associated with a lower num-
ber of collected cells compared with the seeded 
ones (Table 1).

Micronucleus assay

As illustrated in Fig. 4, micronucleus assay revealed 
that D-PAA, AgNPs/D-PAA and AuNPs/D-PAA 
composites were of no genotoxicity at concentra-
tions of 0–2–5–10–20–30–50 mg/L.

Antioxidant activity

The antioxidant activity of D-PAA, Ag/D-PAA 
and AuNPs/D-PAA are shown in Fig.  5. The 
antioxidant activity of D-PAA, Ag/D-PAA and 
AuNPs/D-PAA was found to be exhibited in a 
concentration-dependent manner. The antioxi-
dant ability of D-PAA was determined as 17.86%, 
20.44%, 37.81%, 45.07% and 61.33% at 3.125, 6.25, 
12.5  mg/L, 25  mg/L and 50  mg/L, respectively. 
The radical scavenging activity of Ag/D-PAA  was 
higher than that of D-PAA and AuNPs/D-PAA at all 
the tested concentrations. The highest antioxidant 

activity was 72.54% and 64.66% for Ag/D-PAA and 
AuNPs/D-PAA at 50 mg/L, respectively.

DNA incision

Plasmid pBR322 DNA-based DNA cleavage assay 
was used in this study. If a single break occurs in 
this pBR322 plasmid DNA molecule (Form I), Form 
II is formed. However, if a double strand break is 
observed, Form III is detected. These three forms 
of DNA, namely Form I, Form II, and Form III, 
are detected in agarose gel. As illustrated in Fig.  6, 
AgNPs/D-PAA and AuNPs/D-PAA showed sin-
gle strand DNA cleavage activity at a concentration 
of 25  mg/L. In addition, both nanocomposites com-
pletely cleaved plasmid DNA at 50 and 100 mg/L.

Antimicrobial activity

Our findings on the antimicrobial activity of nano-
complexes are depicted in Table 2. The MIC values of 
D-PAA, AgNPs/D-PAA and AuNPs/D-PAA ranged 
from 16  mg/mL to 1024  mg/mL, which indicated 
different susceptibility of test bacteria to D-PAA, 
AgNPs/D-PAA and AuNPs/D-PAA. The MIC values 
of D-PAA were found to be 256 mg/mL for E. faeca-
lis and E. hirae, 512 mg/mL for E. coli, L. pneumoph-
ila subsp. pneumophila, S. aureus and C. tropicalis, 
as well as 1024 mg/mL for P. aeruginosa and C. par-
apisilosis. The MIC values of AuNPs/D-PAA were 
determined to be 32 mg/mL for E. hirae, 64 mg/mL 
for S. aureus, E. faecalis and C. tropicalis, 128 mg/
mL for E. coli, P. aeruginosa and C. parapisilosis, as 
well as 256 mg/mL for L. pneumophila subsp. pneu-
mophila. As for AgNPs/D-PAA, this parameter was 
expectedly lower and varied from 16  mg/mL for E. 
hirae, 32 mg/mL for S. aureus, E. faecalis and C. par-
apisilosis, 64  mg/mL for C. tropicalis, 128  mg/mL 
for E. coli and P. aeruginosa, to 256  mg/mL for L. 
pneumophilasubsp. pneumophila. As seen in Table 2, 
AuNPs/D-PAA are much more effective than D-PAA, 
while the antimicrobial activity of AgNPs/D-PAA is 
superior to that of AuNPs/D-PAA.

Antibiofilm activity

In this study, the biofilm formation inhibition activ-
ity of D-PAA, AgNPs/D-PAA and AuNPs/D-PAA 
was investigated. Gram-positive S. aureus and 
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gram-negative P. aeruginosa strains were used to 
assess biofilm activity. The biofilm inhibition medi-
ated by D-PAA, AgNPs/D-PAA and AuNPs/D-PAA 
are shown in Figs. 7 and 8. As the concentration of 
nanomaterials increased, anti-biofilm activity aug-
mented in case of both microorganisms. When 
the concentration became higher from 62.5  mg/L 
to 125  mg/L, S. aureus biofilm inhibition activity 
increased from 74.98 to 90.13% for D-PAA, from 
83.21 to 87.92% for AuNPs/D-PAA and from 86.49 
to 92.33% for AgNPs/D-PAA. The highest anti-bio-
film activity of D-PAA, AgNPs/D-PAA and AuNPs/
D-PAA was detected to be 96.37%, 98.95% and 
99.94% for S. aureus at 250 mg/L. The biofilm inhibi-
tion activity of D-PAA, AgNPs/D-PAA and AuNPs/
D-PAA was found to be 38.97%, 75.12%, and 81.24% 
at 62.5  mg/L for P. aeruginosa, respectively, while 
biofilm inhibition activity at 125 mg/L was 61.13%, 
80.67%, and 92.38%, respectively. Notably, the maxi-
mum biofilm inhibition activity of P. aeruginosa was 
determined at the level of 97.45% and achieved using 
AgNPs/D-PAA at 250 mg/L.

Microbial cell viability

In our study, the effects of newly synthesized D-PAA, 
AgNPs/D-PAA and AuNPs/D-PAA on cell viability 
of E. coli were investigated. The results are presented 
in Fig. 9.

The microbial cell viability inhibition was found 
to be 82.14%, 86.35% and 90.32% for D-PAA at 
62.5  mg/L, 125  mg/L and 250  mg/L, respectively. 
The microbial cell viability inhibition caused by 
AgNPs/D-PAA was 100% at concentrations of 125 
and 250  mg/L, while cell viability inhibition medi-
ated by AuNPs/D-PAA was found to be 100% at a 
concentration of 250 mg/L.

Discussion

Nowadays one of the biggest issues in medicine is 
infections caused by resistant bacteria. This problem 
remains one of the most significant issues for the 

global health system and if no action is taken, it will 
cause bigger problems in the near future. For this rea-
son, it is promising to carry out studies that aim at 
searching novel alternative products with antibacte-
rial activity that cause the development of resistance 
in bacteria to a lesser extent than conventional antimi-
crobials (Karami et al. 2020). At the same time, they 
should show good host safety profiles. Collectively, 
fibroblast assays performed in this study demonstrate 
that AgNPs/D-PAA nanocomplexes have the highest 
toxicity. These data are consistent with previously 
reported features of the D-PAA, AgNPs/D-PAA and 
AuNPs/D-PAA toxicity profiles (Tkachenko et  al. 
2022) suggesting that they can be used for biomedi-
cal purposes at the concentrations below the toxicity 
threshold. Of note, our findings indicate that D-PAA 
shows low toxicity against prokaryotic cells, which 
is consistent with its toxicity profile in case of host 
cells (Tkachenko et  al. 2022), while AgNPs/D-PAA 
nanocomplexes demonstrate the highest antimicro-
bial activity suggesting that they are more effective 
antibacterial agents compared to AuNPs/D-PAA. 
Furthermore, it is worth noting that AgNPs/D-PAA 
and AuNPs/D-PAA are more effective against gram-
positive bacteria than gram-negative microorgan-
isms. The observed antimicrobial effects of noble 
metal-based nanocomplexes may be at least partly 
attributed to oxidative stress, since they are capable 
of forming ROS and free radicals (Rai et  al. 2012). 
It can be assumed that this mechanism along with 
metal ion release might contribute to the reduction of 
microbial viability observed in our study. However, 
the observed difference in effects between prokary-
otic and host cells suggests that AgNPs/D-PAA and 
AuNPs/D-PAA may target some specific prokaryotic 
pathways. Studies that focus on uncovering specific 
bacterial signaling pathways targeted by NPs are 
strongly encouraged. Moreover, our data suggest that 
the antimicrobial activity of nanocomplexes differs 
between bacterial species indicating the presence of 
yet-to-be-discovered species-specific mechanisms.

Antibacterial activity of noble-metal nanocom-
plexes can be attributed to their antibiofilm properties 
as well. Biofilm formation ensures the protection of 
bacterial cells and their survival in hostile environ-
ments (Fulaz et  al. 2019). Biofilm-forming microor-
ganisms are known to be more resistant to the host 
immune system and less sensitive to antibiotics 
(Mahamuni-Badiger et al. 2020).

Fig. 4   Percentage of cells containing micronuclei following 
exposure to DPAA (panel a), AgNPs/D-PAA (panel b) and 
AuNPs/D-PAA (panel c) nanocomposites. No statistically sig-
nificant differences are found (p > 0.05)

◂
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Expectedly, our data corroborate other experimen-
tal findings indicating the potential of noble metal-
based nanomaterials as antimicrobial agents. Both 
pure noble metal NPs and their complexes (particu-
larly with chitosan) demonstrate antibacterial activ-
ity with the effects more pronounced for Ag than Au 
(Alkhulaifi et al. 2020; Madakka et al. 2021; Mu et al. 
2021). Of note, cellulose-based polymers influence 
antibacterial and antioxidant properties of AgNPs 
(Abdellatif et al. 2021), which is consistent with our 
data.

Abundant experimental evidence suggests that 
both AgNPs and AuNPs inhibit biofilm growth (Singh 
et  al. 2018; Bharathi et  al. 2018; Olfati et  al. 2021; 

Goswami et al. 2015). Our findings indicate that the 
biofilm inhibitory activity of tested compounds, espe-
cially AgNPs/D-PAA and AuNPs/D-PAA, seems 
to be stronger compared to the effects of pure noble 
metal-based NPs observed in other studies, which 
can be related to the features of polymer. Antibi-
ofilm activity of AgNPs/D-PAA and AuNPs/D-PAA 
demonstrated in this study reinforces the conclusions 
that there nanocomplexes are promising antibacterial 
agents, especially in case of resistant strains, due to 
their direct bactericidal effects and biofilm inhibition.

In addition to the antibacterial effects, the synthe-
sized nanocomplexes clearly demonstrate ROS-scav-
enging capacities. ROS in cells play a dual role and 
are mainly generated due to leakage of electrons from 
the mitochondrial respiratory chain (especially com-
plex I) (Yin et al. 2021). On the one hand, formation 
of ROS can cause cytotoxic effects due to accumula-
tion of damaged macromolecules in cells, which is 
common for aging and multiple diseases. On the other 
hand, compelling evidence indicates that the role of 
ROS cannot be reduced to detrimental cell-damaging 
effects. Nowadays it is generally accepted that ROS 
perform regulatory functions acting as signaling mol-
ecules involved in pathways determining cell fate and 
survival (Sinenko et al. 2021; Sies and Jones 2020). 
Thus, ROS regulation by ROS-scavenging agents 
is an important strategy in the treatment of multiple 
diseases. Antioxidant properties of noble metal NPs 
have been shown in many studies (Turunc et al. 2021; 
Ravichandran et al. 2016; Ansar et al. 2020; Keshari 
et al. 2020; Milanezi et al. 2019; Sekar et al. 2022). 
Our study fully supports conclusions drawn earlier 

Fig. 5   2,2-Diphenyl-1-picrylhydrazyl  radical scavenging 
activity (DPPH-test) after adding D-PAA, AuNPs/D-PAA and 
AgNPs/D-PAA

Fig. 6   DNA cleavage activity of D-PAA, AgNPs/D-PAA and 
AuNPs/D-PAA. Lane 1, pBR 322 DNA; Lane 2, pBR 322 
DNA + 25  mg of D-PAA; Lane 3, pBR 322 DNA + 50  mg 
of D-PAA; Lane 4, pBR 322 DNA + 100  mg of D-PAA; 
Lane 5, pBR 322 DNA + 25  mg/L of AuNPs/D-PAA; Lane 

6, pBR 322 DNA + 50  mg/L of AuNPs/D-PAA; Lane 7, 
pBR 322 DNA + 100  mg of AuNPs/D-PAA; Lane 8, pBR 
322 DNA + 25  mg/L of AgNPs/D-PAA; Lane 9, pBR 322 
DNA + 50  mg/L of AgNPs/D-PAA; Lane 10, pBR 322 
DNA + 100 mg of AgNPs/D-PAA
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and indicate that the introduction of D-PAA polymer 
may reinforce or at least not reduce the antioxidant 
properties diminishing the overall toxicity.

Our study confirms earlier observations that 
AgNPs and AuNPs induce DNA cleavage (Gulbagca 
et al. 2019; Aygün et al. 2020; Zhao et al. 2008) pro-
viding some insights into the molecular mechanisms 
of NPs-induced cell damage. DNA damage inhibits 
the cell cycle and initiates apoptosis in eukaryotic 
cells. For bacteria, it can be accompanied by the loss 
of resistance-associated factors when a plasmid DNA 
is damaged or cell death when the chromosomal 
DNA is affected.

Thus, our findings show the versatility of biologi-
cal effects of AgNPs/D-PAA and AuNPs/D-PAA 

Table 2   Antimicrobial activity of D PAA, AgNPs/D-PAA and 
AuNPs/D-PAA nanocomposites

MIC values (mg/L)

Compounds D-PAA AuNPs/D-PAA AgNPs/D-PAA

E. coli 512 128 128
L. pneumophila 

subsp. pneu-
mophila

512 256 256

P. aeruginosa 1024 128 128
S. aureus 512 64 32
E. hirae 256 32 16
E. faecalis 256 64 32
C. tropicalis 512 64 64
C. parapisilosis 1024 128 32

Fig. 7   AuNPs/D-PAA and 
AgNPs/D-PAA biofilm 
inhibition of P. aeruginosa 



126	 Biometals (2024) 37:115–130

1 3
Vol:. (1234567890)

ranging from antioxidant to antibacterial, biofilm-
inhibiting effects and DNA cleavage. The presence 
of copolymer ensures modulation of noble metal 
NPs-mediated effects modifying the cytotoxicity. The 
current study aims at investigating the overall effects 
of nanocomplexes with no particular focus on the 
molecular mechanisms involved, which can be con-
sidered its limitation. To elucidate the underlying 
mechanisms, further research may focus on assessing 
the uptake of these nanocomplexes, metal ion release, 
ROS generation, and cell death pathways involved 
(apoptosis, necroptosis, autophagy-related cell death, 
ferroptosis, pyroptosis, cuproptosis, etc.). Moreover, 
identification of specific signaling pathways targeted 
by nanocomplexes in bacterial cells may shed light 

on the differences in toxic effects between eukaryotic 
and prokaryotic cells observed in the current study.

Conclusions

Our findings confirm that D-PAA is characterized 
by good tolerability and can be used to modify the 
properties of NPs as a component of nanocompos-
ites. In general, D-PAA, nanocomplexes of AgNPs/
D-PAA and AuNPs/D-PAA show good safety pro-
file against primary cultured fibroblasts. However, 
AgNPs/D-PAA nanocomplex reduces migration of 
fibroblasts, while both AgNPs/D-PAA and AuNPs/
D-PAA composites diminish cellular proliferation. 

Fig. 8   AuNPs/D-PAA and 
AgNPs/D-PAA biofilm 
inhibition of S. aureus 
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At the same time, all nanocomplexes show no gen-
otoxicity. The studied nanocomplexes have anti-
oxidant, antibacterial, biofilm-inhibiting and DNA 
cleavage-inducing activity. Antimicrobial effects of 
AgNPs/D-PAA are more pronounced against gram-
positive bacteria, gram-negative bacteria, and fungi 
than those of D-PAA and AuNPs/D-PAA, espe-
cially against E. hirae, E. faecalis and S. aureus. 
D-PAA, AgNPs/D-PAA demonstrated the highest 
anti-biofilm activity. Nanosystems based on dex-
tran–polyacrylamide polymers are promising agents 
for biomedical application.
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