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ABSTRACT: The prevalence of bacterial infections presents a
significant challenge in the medical field, demanding effective
strategies to impede bacterial adhesion and growth on various
surfaces. The conducted study investigates the efficacy of
polyelectrolyte multilayers�comprising poly(allylamine hydro-
chloride) (PAH) and alginate (ALG)�embedded with zinc oxide
(ZnO) and copper oxide (CuO) nanoparticles (NPs) to inhibit
bacterial adhesion on stainless-steel surfaces. Surface character-
ization involved zeta potential, contact angle, and roughness
assessments. The effect of NP composition, size, and morphology
in conjunction with polycation or polyanion terminating multilayers
was evaluated against planktonic and surface-adhered Escherichia coli
(E. coli) cells. Surfaces with the positively charged PAH-terminating
multilayer displayed higher water contact angles (≈ 63°) than the negatively charged ALG-terminating multilayers (≈ 45°).
Multilayers containing ZnO NPs showed a significant inhibition of planktonic E. coli growth, >99%. Moreover, complete growth
inhibition of surface-adhered E. coli was achieved for multilayers containing both ZnO and CuO. Due to their larger specific surface
area, rod-like ZnO NPs displayed higher antibacterial activity. The samples with ALG as the terminating layer showed more
substantial antibacterial properties than samples with PAH as the terminating layer. Biocompatibility tests on immortalized human
keratinocyte cells revealed good compatibility with multilayers incorporating NPs. In summary, this study underscores the potential
of ZnO and CuO NPs within PAH/ALG multilayers for antibacterial applications without compromising their cytocompatibility.
KEYWORDS: polyelectrolyte multilayers, alginate, poly(allylamine hydrochloride), CuO, ZnO, nanoparticles, Escherichia coli

1. INTRODUCTION
Bacterial infections, originating primarily from the human
bacterial flora, constitute some of the most critical medical
challenges. While bacterial microbiota play a pivotal role in
human physiology, they concurrently harbor pathogenic strains
capable of inducing a spectrum of infections.1 Escherichia coli
(E. coli), a commensal strain in the human gastrointestinal
tract, typically coexists with its host in a mutually beneficial
way. Nonetheless, specific E. coli strains can potentially cause
extra-intestinal and urinary infections, sepsis, meningitis, and
enteric ailments like dysentery and diarrhea.2

Bacterial adherence and proliferation across diverse surfaces
such as glass, various polymers, aluminum, and stainless-steel
have been observed.3,4 In hospital settings, numerous surfaces,
including prostheses, surgical instruments, implants, urinary
and cardiovascular catheters, can serve as breeding grounds for
bacterial colonization.5−7 Consequently, preventing bacterial
adhesion and growth on such surfaces remains imperative.
Nanomaterials emerged as an elegant strategy to mitigate

bacterial infections. Due to their superior intrinsic properties,

such as small size, high surface-to-volume ratio, various
morphologies, and optical properties, nanomaterials are
recognized as the next generation of antibacterial agents.8

Nanomaterials have found applications ranging from drug
treatment9 to food additives.10 Notably, metal and metal oxide
nanoparticles (NPs), such as silver (Ag), copper oxide (CuO),
titanium dioxide (TiO2), magnesium oxide (MgO), and zinc
oxide (ZnO), exhibit favorable traits for antibacterial
applications due to their durability, reduced toxicity to
human cells, and robust stability.11,12 Nanoparticle (NP)
properties depend on their size, shape, crystallinity, surface
structure, and surface charge. Higher antibacterial activity and
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toxicity are obtained with smaller NP sizes.13,14 Smaller NPs,
compared to larger ones, have bigger surface areas, providing
better contact with cells.12 Furthermore, NP characteristics,
including morphology (e.g., spheres, rods, needles, flowers,
plates), surface chemistry, coatings with molecules, and
stability, can modify their activity.15

ZnO15−19 and CuO NPs20,21 show good antibacterial
activity against Gram-positive and Gram-negative bacteria.
However, a comparative analysis of antibacterial activity
considering various NP morphologies of ZnO and CuO22,23

remains incomplete. ZnO and CuO NPs can be used for
antibacterial applications, but their biocompatibility has to be
determined. In healthcare, where contact with the human body
occurs, biocompatibility with human tissue is crucial. The
current findings highlight the need to address NP biosafety and
modify NP surface reactivity to decrease adverse effects and
enhance biocompatibility.24 ZnO NPs and Zn2+ ions have
exhibited potential for surface applications without causing
skin irritation.15 However, the literature indicates a cytotoxic
effect of CuO NPs and Cu2+ ions, particularly pronounced in
the NP form compared to dissolved ions.25 Previous studies on
orthotic textile materials treated with CuO NPs caused
antibacterial effects against Gram-positive bacteria but also,
due to loosely bound NPs, induced cytotoxic effects on human
cells.26 To limit the direct contact of NPs with human tissue,
organic molecules, which show good biocompatibility, can
lower the NP cytotoxic effect. The use of PAH multilayers for
coating various textile materials resulted in ZnO NP
immobilization with high antibacterial activity against Gram-
positive bacteria and good biocompatibility with skin cells
(keratinocytes).27 Alginate (ALG) with gelatin and cellulose
showed excellent biocompatibility with fibroblast cells and
promising use for biomedical devices and artificial tissues.28

Also, poly(allylamine hydrochloride) (PAH) and poly-
(ethylene glycol diacrylate) showed good biocompatibility
with pig skin and exhibited antibacterial activity against Gram-
positive bacteria and potential use for skin grafting.29 In
addition to good biocompatibility, the utilization of organic
molecules for the production of coatings on surfaces holds the
potential to deter bacterial adhesion, leveraging the repulsive
force established between negatively charged bacterial cells and
similarly charged coatings.30,31 Multilayers have been used for
various applications from cell prolifferation,32 biomedical
applications,33,34 polymeric templates for NP synthesis35,36 to
antibacterial37,38 applications alongside metal NPs.39,40 While
PAH/ALG multilayers have demonstrated compatibility with
osteoblast cells,41 their specific antibacterial effects and
biocompatibility with and without NPs have not been
investigated so far.
To bridge the aforementioned research gap, the study aimed

to determine the difference in the antibacterial activity of ZnO
and CuO with similar sizes and shapes in a way that the
difference between them can be observed only due to different
chemical compositions. Moreover, the antibacterial effect
between NPs with different morphologies (sheets, rods and
spheres) was determined. E. coli was used as a model bacterial
pathogen. Furthermore, for the first time, PAH/ALG multi-
layers were employed to entrap CuO and ZnO NPs to limit
cytotoxicity against human cells and to determine the coating’s
antibacterial activity. As well the more optimal terminating
layer (PAH or ALG) for antibacterial and biocompatible
applications was determined. For this purpose, stainless-steel
surfaces were coated with polyelectrolyte multilayers (PAH/

ALG) containing ZnO and CuO NPs. The formation of these
polyelectrolyte multilayers was confirmed using ellipsometry
and atomic force microscopy (AFM). Moreover, the surface’s
physicochemical characteristics were assessed by measuring the
surface roughness, zeta potential, and water contact angle. The
ions released from the coated surface were assessed using
inductively coupled plasma optical emission spectrometry
(ICP-OES). The coated surfaces were contaminated with the
pathogen Gram-negative E. coli to test the antibacterial
properties. Finally, for possible biomedical applications, surface
biocompatibility was assessed toward immortalized human
keratinocyte (HaCaT) cells.

2. EXPERIMENTAL SECTION
2.1. Synthesis of CuO and ZnO Nanoparticles. CuO and ZnO

NPs were synthesized utilizing analytical grade reagents: CuSO4 •
5H2O, Zn(CH3CO2)2 • 2H2O, and NaOH purchased from Sigma-
Aldrich. Reaction solutions were prepared by dissolving each salt in
deionized water (conductivity < 0.055 μS cm−1). The synthesis
procedures (Table 1) for CuO involved adding 0.5 mL of NaOH (at

concentrations of 1.0, 2.0, and 5.0 mol L−1) to 2 mL of CuSO4
solution (c(CuSO4) = 0.1 mol L−1). The suspension was heated to 60
°C and magnetically stirred (300 rpm) until the color changed from
blue to black. ZnO NPs were synthesized via a modified method
(Table 1) from the literature.42 A solution of Zn(CH3CO2)2 (c = 0.1
mol L−1) was prepared in a 5:1 water−ethanol mixture. ZnO NPs
were obtained by adding 50 mL of NaOH to 150 mL of the
Zn(CH3CO2)2 solution. The first suspension with 1.0 mol L−1 NaOH
was heated to 70 °C and magnetically stirred (300 rpm) for 15 min.
The other two suspensions with 5.0 mol L−1 NaOH were heated to 85
°C for one and 2 h under magnetic stirring (300 rpm). The resulting
NPs were separated via centrifugation (6000 rpm) and washed with
deionized water through multiple cycles. The collected samples were
dried at 100 °C for 5 h. The dried samples were annealed at 400 °C
for 2 h using a Nabertherm furnace (Bremen, Germany) to obtain
highly crystalline NPs. Subsequently, the annealed samples were
dispersed in distilled water with ultrasound. To stabilize the NPs,
0.133 mL of sodium poly(4-styrenesulfonate) (PSS) (w = 0.5%,
Sigma-Aldrich) was added to 10 mL of NP suspension.

2.2. Nanoparticle Characterization. The morphology of the
obtained NPs was examined using a Schottky field emission scanning
electron microscope (SEM) Jeol JSM-7600F (Jeol Ltd., Tokyo,
Japan). NP sizes were determined from SEM images using ImageJ
software. Electrokinetic measurements in water were conducted
utilizing a Zetasizer Ultra instrument (Malvern Panalytical, Malvern,
United Kingdom) in a DTS 1070 Folded capillary cell at 25 °C. Zeta
potential was derived from five measurements using Smoluchowski’s
approximations to convert electrophoretic mobility into zeta potential.
The mean particle size in water at 25 °C was determined by dynamic
light scattering (DLS) using the Zetasizer Ultra (Malvern Panalytical,
Malvern, United Kingdom). Measurements were performed with 1.0
mL of sample (5 measurements per sample) in a disposable DTS0012
plastic cell. The initial mass concentration of NPs was 30 mg mL−1.
Hydrodynamic diameters were obtained from the Einstein-Stokes
equation with the approximation that all NPs have spherical

Table 1. Experimental Parameters Used for the Preparation
of CuO and ZnO Nanoparticles with Different Morphology

NPs type c(NaOH) [mol L−1] θ [°C] t [min]

CuO sheets26 1 60 15
CuO rods 5 70 15
CuO spheres 2 70 15
ZnO sheets 5 85 60
ZnO rods27 5 85 120
ZnO spheres 1 70 15
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morphology. X-ray diffraction (XRD) analysis on polycrystalline
samples confirmed the composition of ZnO and CuO NPs. Analysis
was performed on a Malvern Panalytical Empyrean X-ray diffrac-
tometer (Almelo, Netherlands) with a Cu-target tube and a step size
of 0.0131° and 1 s per step in the 2θ range of 20° − 80° in Bragg−
Brentano geometry. PANalytical High Score Plus software was used
to analyze the diffraction patterns. Fourier-transform infrared (FTIR)
spectroscopy in the (340−4000) cm−1 range was employed to analyze
CuO and ZnO NPs using the PerkinElmer FT-IR C89391 instrument
(PerkinElmer, Massachusetts, USA). The specific surface areas of the
samples were determined by the nitrogen adsorption method using
ASAP 2020 Sorber (Micromeritics, USA) at −196 °C (77 K). The
Brunauer−Emmett−Teller theory was applied to calculate specific
surface areas after the samples were outgassed in a vacuum for 15 h at
120 °C.

2.3. Fabrication of the Multilayers. Multilayer coating was
prepared with poly(ethyleneimine) (PEI, linear, average Mn 10,000,
PDI ≤ 1.5), poly(allylamine hydrochloride) (PAH, average Mw ∼
17,500), and alginate (ALG, Alginic acid sodium salt, powder, CAS
Number: 9005−38−3), all purchased from Sigma-Aldrich. The PAH/
ALG multilayer was fabricated using a modified LbL (Layer-by-Layer)
method as previously described.41 Stainless-steel plates (AISI 304 BA,
obtained from Mihokovic ́ d.o.o., Zagreb, Croatia in dimensions: 10
mm × 10 mm × 0.8 mm) were cleaned in a 5 mol L−1 NaOH alkaline
solution for 30 min and rinsed with water. The plates were then
immersed in a PEI solution (5 g L−1, pH = 10) for 30 min.
Subsequently, the modified plates were subjected to multilayer
deposition of (ALG/PAH)n, where n represents the number of
bilayers, through alternate immersion in ALG (3.0 g L−1, pH 7.5) and
PAH (3.0 g L−1, pH 7.5) solutions for 15 min (Scheme 1). In this

study, n = 2 was applied before adding 100 μL of NP suspension (115
μg mL−1) between the last three PAH layers. The surface underwent
coating with two layers of NP suspension. The coating process was
finished with a final layer of PAH or ALG to assess the influence of
positive or negative layers on antibacterial activity and cytocompat-
ibility. After each layer deposition, the surface was rinsed with
deionized water and dried with air.

2.4. Characterization of the Multilayers. The FTIR spectra of
the stainless-steel plates coated with PAH/ALG multilayers
embedded with ZnO and CuO NPs were measured on a Nicolet
iS50 FTIR Spectrometer equipped with an ATR module. Each FTIR
spectra was obtained as an average of 64 scans with a resolution of 4
cm−1. Spectra of films containing different morphologies of CuO and

ZnO nanoparticles were measured from (300−1800) cm−1. As a
background, a stainless-steel substrate was used with correction for
H2O and CO2. On the other hand, PAH and ALG (in powder form)
spectra were obtained with air used as a background. XRD analysis of
the stainless-steel plates coated with PAH/ALG multilayers
embedded with ZnO and CuO NPs was performed on a Malvern
Panalytical Empyrean X-ray diffractometer (Almelo, Netherlands)
with a Cu-target tube and a step size of 0.0131° and 1 s per step in the
2θ range of 15° − 80° in Bragg−Brentano geometry. The thickness of
the multilayers was determined via ellipsometry measurements using
the Ellipsometer L116B-USB (Gaertner Scientific Corporation,
Skokie, USA). Experiments were conducted at room temperature
and 30 to 50% relative humidity, employing a monochromatic laser
beam (λ = 632.8 nm) incident on the sample surface at a 70° angle.
The commercial Gaertner Ellipsometric Measurement Program
(Version 8.071) was utilized to calculate the layer thickness from
the average refractive index determined through ellipsometric
measurements at ten different positions on the stainless-steel sample.
During the multilayer formation process, each layer’s hydro-

phobicity was determined by measuring the water contact angle. Static
contact angle measurements between the stainless-steel surfaces (1
cm × 1 cm) and water droplets were performed using the Attension
Theta tensiometer (Biolin Scientific AB, Gothenburg, Sweden) via the
sessile-drop technique. A water droplet (5 μL) was dispensed from a
0.4 mm diameter needle onto the surface, and the static contact angle
was measured.
Streaming potential measurements of the coated surfaces were

conducted using a SurPASS electrokinetic analyzer (Anton Paar
GmbH, Graz, Austria) in a 1 mmol L−1 KCl solution at room
temperature and pH 6.43

The topography and roughness of the uncoated and coated
stainless-steel surfaces were analyzed by AFM at room temperature
using the Multimode 8 AFM (Bruker, Billerica, MA, USA) in tapping
mode with NCHV-A probes (117 μm length, 33 μm width, resonance
frequency ∼320 kHz, nominal spring constant 40 N m−1). AFM scans
were conducted over a 5 × 5 μm2 area with a scanning rate of 1 Hz
and a picture resolution of 512 × 512 px2. NanoScope Scan 9.7 was
used for data processing, correcting AFM images for tilt and bow
using second-order flattening, and NanoScope Analysis 2.0 software
was utilized to determine the local root-mean-square (RMS)
roughness of LbL films. AFM roughness (RMS roughness, Rq)
parameters and their standard deviations were calculated from
measurements involving five local areas on each sample surface.
For ion release studies, stainless-steel plates were covered with 2

mL of water and incubated at room temperature for 24 h. The
solution above the stainless-steel plates was collected, and the released
Zn2+ and Cu2+ ions were measured using inductively coupled plasma
optical emission spectrometry (ICP-OES) on a 5110 ICP-OES
(Agilent Switzerland AG, Basel, Switzerland) apparatus. Before
measurement, collected solutions were spiked with 2 mL of 4%
HNO3.

2.5. Antibacterial Studies. The bacterial culture was prepared by
transferring a colony of Escherichia coli DSM 1576 (E. coli) into 5 mL
of a solution containing 0.25 wt % glucose and 30 wt % Tryptic Soy
Broth (TSB, Sigma-Aldrich). The prepared suspension was incubated
overnight at 37 °C under shaking (160 rpm). The optical density of
the overnight bacterial culture was measured at 600 nm, and the
culture was diluted to 0.10 optical density in 5 mL of fresh 30 wt %
TSB supplemented with 0.25 wt % glucose. The diluted suspension
was regrown for 2 h at 37 °C with shaking (160 rpm) to achieve
exponential cell growth. The E. coli suspension was further diluted in
0.9% NaCl to 0.01 optical density at 600 nm, corresponding to ≈105
colony-forming units (CFU).
The sterilized stainless-steel samples (1 × 1 cm) were placed in a

24-well plate. Subsequently, 100 μL of the diluted bacterial
suspension (105 CFU) was added to each sample and incubated for
24 h at room temperature. After incubation, the stainless-steel samples
were washed twice with 1 mL of 0.9% NaCl solution, and the washing
solution was used for agar spotting after dilution. Washed stainless-
steel samples were placed into 2.5 mL of 0.9% NaCl solution and

Scheme 1. Multilayer Coating Prepared on the Stainless-
Steel Surface (Light Gray Line) with Two Terminating
Types of Layers, ALG (Red Spheres) and PAH (Blue
Spheres)a

aThe coating procedure was started with the initial layer of PEI
(yellow spheres) followed by alternating PAH/ALG. ZnO and CuO
nanoparticles (gray spheres) were applied between the last three PAH
layers. PEI - poly(ethyleneimine), PAH − poly(allylamine hydro-
chloride), ALG - alginate.
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sonicated in a sonication water bath for 5 min, followed by 15 s of
vigorous vortexing at the highest speed. After a series of dilutions, 20
μL of the E. coli suspension was plated on plate count agar plates and
incubated at 37 °C for 18 h to enumerate planktonic and adherent
cells. The total viable cells were expressed as a sum of planktonic and
adherent cells.
To determine the coating antibacterial efficiency the percentage

reduction in the viable bacteria was calculated from Equation 1:

= ×i
k
jjj y

{
zzzP

B
A

1 100
(1)

by using the number of viable bacteria before coating (A) and the
number of viable bacteria after the coating application (B).

2.6. Biocompatibility Evaluation. Immortalized human kerati-
nocytes HaCaT (ATCC, Manassas, Virginia, USA) were used for
cytotoxicity experiments following ISO 10993−5 norm. Cells were
cultured until 80% confluence in 10 mL high glucose Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10% (HI)
FBS, 1% Penicillin/Streptomycin, and 1% Non-Essential-Amino-Acids
(all obtained from Gibco, Life Technologies Corporation, Painsley,
United Kingdom) at 37 °C and 5% CO2. The culture medium was
then removed. Cells were rinsed once with sterile PBS, detached from
the flask by adding 1 mL of 0.25% Trypsin-EDTA solution (Sigma-
Aldrich, St. Louis, Missouri, USA), and incubated at 37 °C and 5%
CO2 for 10 min. Detached cells were counted on a TC20 automated
cell counter (Biorad, Hercules, California, USA). Cells were then
seeded in sterile 96-well plates (Thermo Fisher Scientific, Waltham,
Massachusetts, USA) with a seeding density of 20,000 cells/well for
assays with a microplate reader.
The stainless-steel plates were covered with 1 mL of serum-free

DMEM and incubated at room temperature for 24 h under shaking
(50 rpm). The solution above stainless-steel plates was collected and
used for further experiments. The cells adhered to the 96-well plates
were washed with PBS, covered with 100 μL of the solution from the
stainless-steel samples, and incubated for 4 h. In the experiment, the
clean stainless-steel plate solution was the negative control, and cells
treated with Triton-X 1% were the positive control. After incubation,
the cells were washed three times with PBS and covered with 100 μL
of media and 20 μL of CellTiter 96 AQueous One Solution Cell
Proliferation Assay (MTS) (Promega, Madison, Wisconsin, SAD) and
incubated for 3 h. Afterward, the absorbance at 490 nm was measured
using a Clariostar plate reader (BMG LABTECH GmbH, Ortenberg,
Germany).

2.7. Statistical Analysis. All experiments were conducted in
triplicate. Statistical analysis was performed using the Tukey test
(GraphPad Prism 8, La Jolla, CA, USA) and three-way analysis of
variance (ANOVA) to evaluate the significance of NP type,
polyelectrolyte type, and NP morphology, with significance levels
set at * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, and **** p ≤ 0.0001.
Statistical significance was considered for the p-value below 0.05, i.e.,
95% of the confidence interval.

3. RESULTS AND DISCUSSION
3.1. Synthesis of CuO and ZnO Nanoparticles.

Nanoparticles (NPs) with various morphologies were synthe-
sized under different conditions, including NaOH concen-
tration, temperature, and reaction time variations. Subse-
quently, the obtained NPs were annealed and subjected to
analysis using FTIR and XRD techniques to validate their
composition (Figure 1). The FTIR spectrum of CuO samples
(Figure 1A) shows distinct metal oxide vibrations at the
following wavenumbers (ν/cm−1): 404 cm−1, 483 cm−1, and
610 cm−1, which can be attributed to Cu−O symmetric
stretching, asymmetric stretching, and wagging, respectively.44

The ZnO spectra (Figure 1A) showed symmetric Zn−O
stretching vibration at 353 cm−1.45 Notably, neither CuO nor

ZnO spectra showed any residual OH groups from the
synthesis process.
XRD analysis confirmed the purity and crystalline nature of

the annealed NPs, revealing characteristic diffraction peaks for
CuO and ZnO (Figure 1B). The CuO diffractogram exhibited
peaks at angles 2θ 32.5°, 35.4°, 38.7°, 48.7°, 53.4°, 58.2°,
61.5°, 66.2°, 68.0°, 72.4°, and 75.1° corresponding to
crystallographic planes (hkl) (110), (002), (111), (112),
(102), (020), (202), (113), (311), (220), (311), and (004),
respectively, as confirmed by JCPDS card number 80−1917.
The XRD pattern corresponded to the monoclinic CuO phase.
Similarly, characteristic diffractions of ZnO powder were
observed at angles 2θ 31.8°, 34.4°, 34.3°, 47.5°, 56.6°, 62.8°,
66.4°, 68.0°, 70.0°, 72.6° and 76.9° corresponding to
crystallographic planes (hkl) (100), (002), (101), (102),
(110), (103), (200), (112), (201), (004) and (202),
respectively, validated by JCPDS card number 36−1451.
SEM micrographs revealed various CuO and ZnO NPs

morphologies, including sheet-, rod- and sphere-like structures
(Figure 1C). CuO sheet-like26 NPs displayed irregular
morphology with rugged, uneven edges, with an average size

Figure 1. Characterization of CuO and ZnO NPs. (A) Representative
Fourier transformed infrared spectra showing the sample absorbance
(A) at specific wavenumber (ν/cm−1) with indicated bond vibrations
and (B) X-ray diffraction intensity of CuO and ZnO NPs at specific
2θ angles with assigned (hkl) crystallographic planes. (C) Scanning
electron microscopy images of prepared CuO (first row, blue) and
ZnO (second row, red) exhibiting sheet- (first column), rod- (second
column) and sphere-like (third column) morphology. (D) Hydro-
dynamic diameter (Dh) and (E) zeta potential (ζ) of CuO and ZnO
NPs with different morphology (sheets, rods, and spheres) dispersed
in water at neutral pH.
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of (434.0 ± 118.5) nm. Conversely, ZnO sheet-like NPs
exhibited more rectangular shapes with elongated morphology,
well-defined edges, and an average size of (630.4 ± 154.8) nm.
CuO and ZnO27 rod-like NPs displayed elongated morphol-
ogies with slightly different sizes, namely (63.4 ± 16.2) nm and
(91.7 ± 27.9) nm, respectively. Sphere-like CuO and ZnO NPs
demonstrated similar sizes, with (59.8 ± 11.8) nm and (62.4 ±
16.7) nm, respectively.
Furthermore, in the case of rod- and sphere-like NPs, the

hydrodynamic diameter of CuO and ZnO NPs was similar
(Figure 1D). Rod-like CuO and ZnO NPs exhibited a
hydrodynamic diameter of approximately 200 nm, while the
sphere-like structures showed a slightly bigger hydrodynamic
diameter of ≈240 nm. In contrast, sheet-like NPs displayed
larger hydrodynamic diameters, measuring (777 ± 62) nm for
CuO and (522 ± 81) nm for ZnO NPs. The hydrodynamic

diameter of the sheet-like NPs was determined with the
approximation for spherical particles, and the exact size of the
NPs was determined by analyzing the SEM images as shown
above.
The specific surface area analysis indicated distinct values for

different morphologies of CuO and ZnO NPs. CuO NPs
exhibited surface areas of 16.5 m2 g−1 for sheet-, 19.4 m2 g−1

for rod-, and 13.4 m2 g−1 for sphere-like CuO NPs. Similarly,
ZnO NPs displayed surface areas of 5.9 m2 g−1 for sheet-, 18.2
m2 g−1 for rod-, and 11.1 m2 g−1 for sphere-like structures. The
difference in the specific surface area between CuO and ZnO
sheet-like NPs can be explained by the difference in the surface
profile of the NPs. The surface of CuO NPs showed expressed
roughness in the form of cracks and cuts that were not visible
on ZnO crystals, contributing to the higher surface area of
CuO NPs. Also, ZnO NPs were approximately 200 nm bigger

Figure 2. Characterization of stainless-steel surface after the application of multilayers. (A) AFM images of pure stainless-steel surface, surface with
a single layer of PEI, and polyelectrolyte multilayers without NPs. (B) The thickness (d) of each polyelectrolyte layer applied, with PEI as the first
precursor layer, followed by PAH/ALG layers. The dashed line is added to guide the eye. Scanning electron microscopy images of (C) uncoated
stainless-steel surface and (D) stainless-steel surface coated with PAH/ALG multilayers and CuO (first row, blue) and ZnO (second row, red)
exhibiting sheet- (first column), rod- (second column) and sphere-like (third column) morphology. The scale bar is 2 μm. PEI −
poly(ethylenimine); ALG − alginate; PAH − poly(allylamine hydrochloride).
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than CuO NPs, which also contributes to the smaller specific
surface area of ZnO NPs.46

Different morphologies of CuO and ZnO NPs were
achieved by manipulating preparation conditions, such as
NaOH concentration, temperature, and reaction time.
Notably, this approach facilitated the generation of diverse
NPs sharing similar size and morphology, excluding the
influence of these parameters on antibacterial activity or other
properties among NPs with distinct chemical compositions.
Notably, the NPs were synthesized without the addition of
directing molecules, which are known to shape specific
morphological features, as shown for spherical flowers
prepared with the addition of cetyltrimethylammonium
bromide,47 nano pellets and various spheres prepared with
biological plant extracts.20,21,48 The exclusion of such
molecules eliminates potential alterations in antibacterial
properties, focusing solely on the influence of NP chemical
composition between CuO and ZnO.
All types of CuO and ZnO NPs showed a negative zeta

potential (at pH ≈ 7) (Figure 1E). The zeta potential was
similar among CuO sheets, rods, spheres, and ZnO spheres (≈
− 50 mV), whereas it was more negative for ZnO sheets and
rods (≈ − 64 mV). The negatively charged NPs (at pH ≈ 7)
were immobilized between positively charged PAH polyelec-
trolyte layers on the stainless-steel surfaces.

3.2. Coating Characterization. To corroborate the
formation of the polyelectrolyte multilayers on the stainless-
steel surfaces, atomic force microscopy (AFM) was employed
to visualize surface morphology and roughness. The morphol-
ogy of the uncoated stainless-steel was characterized by linear
lines extending in the polishing direction and small grain-like
structures on the surface (Figures 2A and 2C). The specific
surface profiles can be attributed to the mechanical polishing
used to smooth out the substrate surface,49 and the grain-like
structures are, most likely, the residue of the materials used in
the polishing process.
The surface was pretreated with one PEI layer before

applying the PAH/ALG polyelectrolyte layers. PEI served as a
precursor layer to enhance polyelectrolyte layer binding to the
stainless-steel surface, leading to significantly thicker layers, as
Nikolic ́ et al. demonstrated.50 The addition of a single layer of
PEI did not significantly alter the surface morphology or
roughness, indicating minimal impact with surface roughness
parameters, Rq, being (8.8 ± 0.4) nm and (8.0 ± 0.6) nm for
uncoated and PEI-coated stainless-steel surface, respectively.
Following PAH/ALG multilayer formation, as depicted in

Figure 2A, a notable change in surface morphology, observed
as rod- and grain-like structures, along with a slight increase in
surface roughness to (10.6 ± 1.1) nm, indicated successful
polyelectrolyte multilayer deposition. Additionally, ellipsom-
etry measurements confirmed PAH/ALG multilayer formation
on the stainless-steel surface. Figure 2B shows the exponential
growth of multilayer thickness, resulting in a film thickness of
(46.5 ± 3.0) nm upon completion of layer deposition.
Whereas the increase in surface roughness was noticed

between the uncoated and PAH/ALG coated stainless-steel, it
can still be primarily attributed to the roughness of the
substrate and not the polyelectrolyte multilayer itself, as the
multilayer is adsorbed into the lines and cracks caused by the
polishing process as well as the smoother parts of the surface.
Bohinc et al. previously demonstrated a positive correlation
between surface roughness and the adhesion rate of bacteria.
Their findings suggested that the heightened adhesion could be

attributed to the amplified interaction between the expanding
effective surface area and the augmented presence of cracks,
voids, and crevices.51 However, the influence of surface
roughness on bacterial adhesion can be neglected in this
study due to the extremely small difference in the surface
roughness of the bare stainless steel and the PAH/ALG coated
one. Nonetheless, it is necessary to consider other properties of
the surface that can affect the binding of bacteria due to PAH/
ALG coating.
The CuO and ZnO NPs agglomerate on the PAH/ALG

multilayers during the drying process and form a network of
NP islands on the surface of the stainless-steel (Figure 2D).
The EDS mapping (Figures S1, S2) confirmed the
composition of the NP islands on the stainless-steel surface.
Moreover, the FTIR spectra of PAH/ALG multilayers
containing CuO NPs (Figures 3A, S3) showed, in the case
of CuO sheets, a shift of the CuO peaks to 424 cm−1, 500
cm−1, and 612 cm−1 and in the case of CuO rods and spheres
to 442 cm−1, 534 cm−1, and 600 cm−1. Additional peaks at
1009 cm−1, 1035 cm−1, 1128 cm−1, 1400 cm−1 and 1600 cm−1

were observed which were not present in the FTIR spectra of
pure CuO NPs. FTIR spectra of PAH/ALG multilayers
containing ZnO NPs (Figures 3B, S4) showed a shift of the
ZnO peaks to a broad peak at 498 cm−1. Additional peaks at
1006 cm−1, 1036 cm−1, 1128 cm−1, and 1400 cm−1 were
observed which were not present in the FTIR spectra of pure
ZnO NPs. The observed shift of the CuO and ZnO peaks can
be attributed to the presence of the PAH/ALG multilayers
especially due to ALG which exhibits a peak at 612 cm−1 and a
broad absorption area below 570 cm−1. In the ALG spectra
specific peaks at 1593 cm−1 and 1408 cm−1 were attributed to
the asymmetric and symmetric stretching vibrations of
carboxylate, while the peaks at 1025 cm−1 and 949 cm−1

were attributed to pyranose ring C−O stretching vibration and
C−C−H and C−O−H deformation.52 The PAH spectra
exhibited specific peaks at 1602 cm−1 and 1507 cm−1

attributed to vibrations of the amide group.53 The FTIR
analysis confirmed the presence of both NPs and polyelec-
trolytes on the surface of the stainless-steel substrate. XRD
analysis of the stainless-steel plates with PAH/ALG multilayers
and NPs showed specific diffraction peaks at 43.52°, 50.66°
and 74.47° corresponding to the stainless-steel and diffraction
peaks corresponding to ZnO and CuO NPs (Figure 3C).
Water contact angle measurements showed that uncoated

stainless-steel surfaces exhibited hydrophilic characteristics
(Figure 4A). The water contact angle of pure stainless-steel
was (80.7 ± 4.8)°. After applying the PEI layer, the surface
hydrophobicity did not change noticeably. However, subse-
quent application of PAH/ALG layers decreased the water
contact angle by 10° and 20°, respectively. The highest
decrease in hydrophobicity occurred after sheet-, rod-, and
sphere-like NP application (CA ≈ 40°) (Figure 4 B, C, and D).
No significant differences regarding the contact angle were
observed for the NP layers, regardless of the NP morphology
or chemical composition (CuO/ZnO).
Since bacteria interact and adhere to surfaces, it is essential

to determine the properties of the PAH/ALG-terminating
multilayer. The water contact angle of the terminating applied
layers was higher for the PAH layer (≈ 63°) than the ALG
layer (≈ 45°), which could affect the interaction between the
surfaces and the bacterial cell. Numerous studies have shown
that bacteria whose surface properties are hydrophilic adhered
more significantly to hydrophilic surfaces.54−57 Hamadi et al.
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studied three strains of E. coli and showed that they are
characterized by hydrophilic properties with an average water
contact angle of 23°.58 Due to the hydrophilic characteristics of
bacteria, they are expected to adhere to PAH/ALG-coated
stainless steel surfaces.
The surface charge is another property that can influence the

adhesion of bacteria. Zeta potential analysis of uncoated
stainless-steel (Figure 5) revealed that the solution pH change
from 6 to 9 decreased surface zeta potential from −30 mV to
−60 mV. After coating, the surfaces with PAH as a terminating
layer exhibited positive zeta potential (Figure 5B). In contrast,
surfaces with ALG as the terminating layer displayed negative

zeta potential (Figure 5C), regardless of the type of NPs used.
Surface charge influences bacterial adhesion, where negatively
charged bacteria are more attracted to positively charged
surfaces. Kozmos et al. demonstrated that negatively charged
surfaces are more repulsive to the adhesion of negatively
charged bacteria, leading to lower bacterial adhesion extent.59

3.3. Ion Release. Polyelectrolyte layers were utilized to
encapsulate NPs, reducing direct contact with human cells and
preventing NP release from the stainless-steel surface while
facilitating the release of Cu2+ and Zn2+ ions for antibacterial
action. ICP analysis showed that no free NPs were observed
after 24 h of incubation in water, indicating effective NP
attachment to the stainless-steel surface. Conversely, the
release of Cu2+ and Zn2+ ions into the water solution was
observed (Figure 6). The determined Zn2+ concentrations
were higher (1.0 to 2.5 mg/L) compared to Cu2+ (below 0.5
mg/L), regardless of the terminating polyelectrolyte layer.

3.4. Antibacterial Activity. The antibacterial tests were
conducted on the E. coli DSM 1576 strain. Figure 7 depicts the
number of planktonic and adhered E. coli on stainless-steel
surfaces coated with different terminating polyelectrolyte
multilayers containing embedded NPs. The number of
planktonic cells exposed to surfaces coated solely with
polyelectrolyte multilayers without added NPs (log(CFU/
mL) = 5.4 ± 1.2) did not significantly differ from bare
stainless-steel (log(CFU/mL) = 6.1 ± 0.4). The reduction in
viable E. coli cells (Table 2) for the PAH terminating layer was
(53.0 ± 28.2)% and (60.6 ± 53.9)% for the ALG terminating
layer which could not be considered significant for bacterial
eradication. Despite previous literature suggesting the anti-
bacterial properties of poly(allylamine hydrochloride),29,60,61

the prepared polyelectrolyte layers did not exhibit a significant
antibacterial effect against the tested E. coli strain. The
discrepancy could be caused by the different test conditions
and/or bacterial strains used here and in the previous work.
The application of NPs resulted in decreased viable

planktonic cells (Figure 7, Table 2). ZnO NPs notably
reduced the number of viable planktonic E. coli (Table 2),
especially with ALG as the terminating layer, where no viable
cells were observed (100% reduction in cell viability). CuO
NPs showed a decrease in viable planktonic E. coli on ALG
surfaces exceeding 99.8%, and no statistically significant
decrease on PAH surfaces (p > 0.5).
Regarding adhered bacterial cells, the viability of the E. coli

cells on the surfaces coated with PAH terminating layers
without NPs was reduced by (47.4 ± 26.8)%, which could not
be considered significant for bacterial eradication. For the ALG
terminating layers, the reduction of the viability was not
observed (Figure 7, Table 2). However, upon ZnO and CuO
NP addition, no viable E. coli cells were determined on the
surfaces (100% reduction in cell viability), regardless of NP
morphology or terminating polyelectrolyte layer.
The total number of viable cells (planktonic and adhered)

was assessed to evaluate the overall effect of NP morphology
and polyelectrolyte layers (Figure 7). Three-way analysis of
variance (ANOVA) was used to test the statistical differences
among NP morphology, composition (CuO and ZnO), and
terminating multilayer type (PAH/ALG) regarding the
viability of E. coli cells. Results indicated no statistically
significant variations between terminating multilayer types (p =
0.4972). Both NP morphology (p = 0.0001) and composition
(p = 0.0101) significantly affected the viability of E. coli cells.
Furthermore, no notable interaction occurred between

Figure 3. Representative Fourier transformed infrared spectra
showing the absorbance (A) at specific wavenumber (ν/cm−1) for
alginate and poly(allylamine hydrochloride) powders and stainless-
steel plates coated with ALG terminating multilayers containing (A)
CuO and (B) ZnO NPs. (C) Representative X-ray diffractograms of
stainless-steel plates after application of PAH/ALG multilayers with
CuO and ZnO NPs at specific 2θ angles. PAH − poly(allylamine
hydrochloride), ALG - alginate
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pairwise comparisons between all three parameters (p >
0.2206).
Statistical analysis revealed that ZnO NPs exhibit a more

pronounced antibacterial effect against E. coli than similar-sized
and shaped CuO NPs. Notably, rod-like ZnO NPs displayed
the highest antibacterial activity among different morphologies.
In the case of CuO, morphology’s influence was less apparent.
Between ZnO NPs, rod-like structures exhibited the highest
surface area (18.2 m2 g−1), correlating with increased
antibacterial effectiveness. Smaller NPs with higher surface
area are more easily dissolved.62,63 Although CuO rod-like NPs
exhibited a similar surface area (19.4 m2 g−1) to ZnO NPs,
their antibacterial activity against planktonic E. coli was
minimal. ICP-OES analysis (Figure 6) revealed that surfaces
with ZnO NPs released up to ten times higher ion
concentrations than CuO NPs, explaining the difference in
antibacterial activity. Previous studies22,23 also demonstrated
better antibacterial performance of ZnO compared to CuO.

Figure 4.Water contact angle (CA) on bare stainless-steel surface (A) and stainless-steel surface coated with polyelectrolyte multilayers and sheet-
(B), rod- (C), and sphere-like CuO NPs (D). The water contact angle of ZnO layers exhibited similar contact angles to those of CuO NPs and are
not shown here. PEI − poly(ethylenimine); ALG − alginate; PAH − poly(allylamine hydrochloride).

Figure 5. Surface zeta potential (ζ) of (A) bare stainless-steel at
different pH, where the line is added to guide the eye. Zeta potential
of samples coated with PAH (B) and ALG (C) as terminating
polyelectrolyte layers, with CuO and ZnO NPs at pH = 6. SS −
stainless-steel; poly−polyelectrolyte multilayers without NPs; ALG −
alginate; PAH − poly(allylamine hydrochloride).

Figure 6. ICP-OES analysis of released Cu2+ and Zn2+ ions from the
stainless-steel surface coated with NPs and PAH or ALG as
terminating polyelectrolyte layer. ALG − alginate; PAH − poly-
(allylamine hydrochloride).
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For instance, Ginjupalli et al. used commercial CuO and ZnO
sphere-like NPs in alginate dental impression materials. They
observed antibacterial activity against E. coli for ZnO at NP
concentrations (up to 5 wt %).64 However, they did not
explore cytotoxicity at the studied concentrations.

3.5. Biocompatibility Experiments. The biocompatibil-
ity of coated stainless-steel surfaces was investigated in vitro on
immortalized human keratinocytes (HaCaT) cells. The
potential toxicity of the released Zn2+ and Cu2+ ions on the
HaCaT cells was evaluated by indirect assay. Cell viability was
determined by observing the change of metabolic activity with
respect to the cells grown in the supernatant collected after
incubation on pure stainless-steel plates. The metabolic activity
(Figure 8) showed no statistically significant decrease in the
cells’ viability compared to the noncoated materials (as control
specimens; p > 0.05), regardless of the NP type, morphology,
or the type of the terminating polyelectrolyte layer. Three-way
analysis of variance (ANOVA) was used to test the statistical
differences among NP morphology, composition (CuO and
ZnO), and terminating multilayer type (PAH/ALG) regarding
the viability of HaCaT cells. Results indicated no statistically
significant variations in NP composition (p = 0.1978).
Nevertheless, both NP morphology and terminating multilayer
affected the cytocompatibility (p < 0.0007) (Figure 8A).
Moreover, notable interaction occurred between pairwise
comparisons of NP morphology and composition (p =
0.0001), NP morphology and terminating multilayer type (p
= 0.0017), and NP composition and terminating multilayer
type (p = 0.0007). Even though the ICP-OES results (Figure
6) show that ZnO NPs (up to 2.5 mg/L) release significantly

Figure 7. Average bacteria count per milliliter (CFU/mL) on stainless-steel surfaces coated with ZnO and CuO NPs against Gram-negative
Escherichia coli (E. coli). The number of planktonic and adhered cells and the sum of bacterial cells are shown for polyelectrolyte multilayers with
PAH (left column) or ALG (right column) as the terminating layer. Significance was determined using a three-way ANOVA Tukey test of the log
reduction data points compared to uncoated stainless-steel surfaces with * p ≤ 0.05 and ** p ≤ 0.01. SS − stainless-steel; ALG − alginate; PAH −
poly(allylamine hydrochloride).

Table 2. Percentage Reduction (P) in Planktonic and
Adhered Escherichia coli (E. coli) Viability on the PAH/ALG
Multilayers with CuO and ZnO Nanoparticlesa

Planktonic E. coli Adhered E.coli

P (PAH
terminating
layer) [%]

P (ALG
terminating
layer) [%]

P (PAH
terminating
layer) [%]

P (ALG
terminating
layer) [%]

Without
NPs

53.0 ± 28.2 60.6 ± 53.9 47.4 ± 26.8 _b

ZnO sheet 99.9 ± 0 100 ± 0 100 ± 0 100 ± 0
ZnO
sphere

99.9 ± 0 100 ± 0 100 ± 0 100 ± 0

ZnO rod 100 ± 0 100 ± 0 100 ± 0 100 ± 0
CuO sheet 90.8 ± 13.0 99.9 ± 0 100 ± 0 100 ± 0
CuO
sphere

91.7 ± 11.7 99.9 ± 0.1 100 ± 0 100 ± 0

CuO rod 92.6 ± 10.5 99.9 ± 0.2 100 ± 0 100 ± 0
aPAH − poly(allylamine hydrochloride), ALG − alginate. b− no
reduction in cell viability.
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higher ion concentrations than CuO NPs (below 0.5 mg/L),
the cytotoxicity on HaCaT cells was not observed. The
surfaces coated with NPs and PAH as the terminating layer
enhanced cells’ viability, compared to the stainless-steel surface
coated solely with polyelectrolyte multilayers, especially the
samples with ZnO sheets (p ≤ 0.0001) and CuO rods (p =
0.0101) (Figure 8). No enhancement in the cell viability was
observed in the samples with ALG as the terminating
polyelectrolyte layer (Figure 8). Compared to other research,64

we used low concentrations of CuO and ZnO NPs (Vtotal =
200 μL, γ(NPs) = 115 μg/mL) and showed good antibacterial
activity. Previously, we have shown that orthotic materials
treated with CuO NPs show good antibacterial activity against
Gram-positive bacteria but also cause cytotoxic effects on
human cells.26 To limit the cytotoxicity of the NPs, we used
polyelectrolyte multilayers to immobilize the NPs, hence
reducing the release of NPs and Cu2+ and Zn2+ ions. The
cytotoxicity of the surfaces was not observed. Based on the
literature data, the toxicity of NPs is much higher than that of
the dissolved ions25 and different approaches such as surface
modification, size, and route of exposure can minimize the
toxic effect65 so the immobilization of NPs in polyelectrolyte
layers is an excellent approach to limit their toxicity. Zn2+ and
Cu2+ ions play pivotal roles in cellular pathways, facilitating
normal cell functions, and at low ion concentrations, they are
beneficial for cell viability.66 However, high Zn2+ and Cu2+ ion
concentrations can induce toxicity and cellular death through
diverse mechanisms. Cu2+ ions, for instance, are known to
impair cell membranes, induce oxidative stress, and affect
intercellular proteins and nucleic acids.67−69 Conversely, Zn2+
ions inactivate bacterial cells through the intracellular
generation of reactive oxygen species, subsequently leading
to damage of biomolecules.70−72 Unlike Cu2+ ions, Zn2+ ions
do not typically instigate membrane degradation and
disruption. Instead, they induce higher membrane perme-
ability, rendering the cell more susceptible to the action of
NPs.66 It is important to note that in this study, the NPs are
added between polyelectrolyte layers, thereby diverging from
the direct interaction with the cell membrane. Previously, we
explored the change in metabolic activity of HaCaT cells at
Zn2+ ion concentrations ranging from 0.5 μg mL−1 to 20 μg
mL−1.27 The metabolic activity results revealed no statistically
significant decrease in cell viability up to 7 μg mL−1 of Zn2+
ions compared to the control specimen without Zn2+ ions.
Also, the viability of HaCaT cells slightly increased for low
concentrations of Zn2+ ions: 0.5 μg mL−1 to (102.5 ± 8.1)%, 1

μg mL−1 to (103.6 ± 4.5)% and 3 μg mL−1 to (100.3 ±
7.0)%.27 This shows that the viability of HaCaT cells in media
with up to 3 μg mL−1 of Zn2+ ions does not differ significantly
so the influence of the ions (Figure 6) could be disregarded
when comparing PAH and ALG terminating layers. Both PAH
and ALG are biocompatible materials as shown by a wide
variety of research.32,33,73−76 As the cytocompatibility experi-
ments show, the surfaces coated with PAH terminating layer
demonstrate a higher average increase of HaCaT metabolic
activity of (117.0 ± 35.9)%, compared to the uncoated
stainless-steel surface, than the surfaces with ALG terminating
layer (99.1 ± 15.9)%. The results indicate a slightly higher
increase in cytocompatibility of surfaces coated with the PAH
terminating layer than the one with the ALG terminating layer
which could explain the overall difference. Literature shows
that alginate can enhance cell viability33 but in the research we
conducted the enhancement was not noticed.
Overall, the antibacterial results indicate that despite similar

size, morphology, and surface area, differences in chemical
composition and solubility among NPs play a pivotal role in
antibacterial activity. Regarding polyelectrolyte layers, com-
plete inhibition of bacterial growth was observed on surfaces
with ZnO NPs and ALG as the terminating layer. Surface
roughness did not change significantly after PAH/ALG NP
application, but hydrophobicity (Figure 4) and zeta potential
(Figures 5 B and C) are crucial factors. The bacteria are
expected to adhere to more hydrophilic layers since higher
bacterial adhesion is achieved between bacterial cells and
surfaces with similar hydrophobicity, i.e., hydrophilicity.54−56,77

A smaller contact angle was measured for the ALG- (≈ 45°)
and a larger one for the PAH- (≈ 63°) terminating multilayer.
Studies conducted on various E. coli strains demonstrated

that the bacterial cells exhibit negative surface charge from
−3.5 mV to −49 mV.78−80 Repulsive forces are expected
between negatively charged bacterial cells and negatively
charged coatings.30,31 However, with higher ionic strengths
used during experiments in the present study, the influence of
electrostatic forces decreases due to ion screening, allowing
other interactions, such as van der Waals forces and specific
chemical interactions, to become more prevalent.81 At these
conditions, the repulsive electrostatic forces between the
negatively charged bacteria and negatively charged multilayers
could be reduced, potentially enabling bacterial adhesion.82

Moreover, hydrophobicity contributes to bacterial adhesion to
surfaces with ALG as the terminating layer. ALG layers attract
bacteria cells more strongly, enabling better adhesion and

Figure 8.Metabolic activity of HaCaT cells on the stainless-steel surface coated with PAH (left column) or ALG (right column) as the terminating
multilayer containing embedded NPs. The presented results are relative to the uncoated stainless-steel surface. Significance was determined using a
three-way ANOVA Tukey test with * p = 0.0101 and **** p ≤ 0.0001. ALG − alginate; PAH − poly(allylamine hydrochloride).
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action of released Zn2+ and Cu2+ ions, which could explain the
noticed antibacterial activity. The results (Figure 7) indicate
that CuO NPs might only prevent surface bacteria growth,
suggesting CuO may not be optimal for broad applications. It
is more convenient to use ALG as terminating layers with ZnO
NPs for surface coating since the antibacterial activity is
exceptionally high and the biocompatibility is not reduced. The
development of antibacterial, and biocompatible coatings using
the proposed PAH/ALG multilayers with CuO and ZnO NPs
holds promise for diverse applications, especially in healthcare.
The application of NPs for antibacterial usage must be
conducted in a way the biocompatibility and safety for the user
are preserved. The electrostatic attraction forces were used as
the primary criteria for the layer-by-layer PAH/ALG develop-
ment and CuO and ZnO NPs immobilization on the stainless-
steel surface. Overall the stainless-steel demonstrated negative
zeta potential (Figure 5) from −30 mV to −60 mV (6 < pH <
9). The negative stainless-steel surface was treated with a
positively charged precursor layer PEI to enhance the
polyelectrolyte layer binding to the negatively charged
surface.50 After the application of the precursor layer negatively
charged ALG layer was followed by a positively charged PAH
layer as described by Xiao et all.41 The negatively charged CuO
and ZnO NPs (Figure 1E) were immobilized between
positively charged PAH layers to develop an antibacterial
coating that would be cytocompatible with human cells due to
NP immobilization. After the application of NPs, the surface
was washed off with water before the application of the
following PAH layers to ensure the removal of the nonattached
NPs. The surfaces treated with PAH/ALG multilayers with
CuO and ZnO NPs demonstrated that the NPs were not
washed off after the antibacterial experiments and they
remained on the stainless-steel surface (Figure S5). On various
surfaces, multilayers have been used for NP immobilization for
different applications.35,36,74,83,84 Using various NP immobili-
zation techniques will enhance the safety profile of antibacterial
surfaces. NP toxicity is much stronger than the toxicity of
dissolved ions,25 and control of exposure, size,85 and
appropriate surface modifications are crucial factors for
minimizing NP toxic while maximizing antibacterial effects.65

Previously, textiles coated with CuO NPs and PAH/ZnO
multilayers demonstrated excellent antibacterial activity against
Staphylococcus aureus27 and Staphylococcus epidermidis26 so our
further research will be focused on the antibacterial activity of
PAH/ALG multilayers with ZnO and CuO NPs against
Styphyloccoci.

4. CONCLUSION
Using a holistic approach, the study investigated the
antibacterial efficacy and biocompatibility of PAH/ALG
polyelectrolyte layers with CuO and ZnO nanoparticles
(NPs). The multilayer coatings, particularly those terminating
with ALG, influenced bacterial adhesion through surface
charge and hydrophobicity changes. Antibacterial tests
revealed remarkable differences between CuO and ZnO NPs
in their effectiveness against E. coli. ZnO NPs, especially rod-
like structures, demonstrated superior antibacterial activity.
The substantial reduction in E. coli viability, > 99%, shows
excellent potential for PAH/ALG multilayers with ZnO NPs
for antibacterial application.
Conversely, CuO NPs showed limited antibacterial impact,

implying their suitability primarily for surface bacteria growth
prevention rather than complete eradication. Biocompatibility

assessments on human keratinocytes (HaCaT cells) high-
lighted the safe use of coated surfaces, indicating no significant
cytotoxicity even with the release of Cu2+ and Zn2+ ions. Using
polyelectrolyte layers for NP immobilization showcased an
effective strategy to minimize NP toxicity while maintaining
antibacterial efficacy.
Overall, the research underscores the potential of PAH/ALG

polyelectrolyte multilayers with CuO and ZnO NPs, as
promising candidates for antibacterial coatings on surfaces.
These findings hold significant implications for diverse
applications, including medical devices like catheters, where
protection against E. coli infections is crucial. The study
contributes to advancing our understanding of NP-based
surface modifications and highlights the potential for practical
applications in combating bacterial infections from various
surfaces.
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Andrijana Sever Škapin − Slovenian National Building and
Civil Engineering Institute, 1000 Ljubljana, Slovenia
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