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Abstract: Numerous infectious diseases and microorganisms with high drug resistance have mo-
tivated researchers to develop nanocomposite particles as antimicrobial agents. Herein, we report
on nanocomposites of salicylic acid (SA) and 5-sulfosalicylic acid (5-SSA) with zinc oxide (ZnO),
namely SA-ZnO and 5-SSA-ZnO nanoparticles (NPs), with antibacterial and cytotoxic properties.
Ultraviolet-visible and Fourier-transform infrared spectroscopy of the synthesized SA-ZnO and
5-SSA-ZnO NPs indicated the functionalization of ZnO with SA and 5-SSA. X-ray diffraction revealed
the crystalline structures of the synthesized NPs. The zeta potentials of the SA-ZnO, 5-SSA-ZnO,
and ZnO NPs were 1.42, −5.98, and −0.172, respectively. The SA-ZnO and 5-SSA-ZnO NPs were
spherical. Besides, the results of the antimicrobial assay indicated a significant reduction (p < 0.05) in
the growth of Escherichia coli and Bacillus cereus by SA-ZnO and 5-SSA-ZnO NPs (0.1%). Scanning
electron microscopy of NP-treated bacteria revealed cell death. Moreover, SA-ZnO and 5-SSA-ZnO
NPs did not exhibit substantial toxicity against human HaCaT cells even at a high concentration
(200 µg/mL). Overall, SA-ZnO and 5-SSA-ZnO NPs exhibited antibiotic-mimicking activity against
bacteria with no cytotoxicity.

Keywords: salicylic acid; 5-sulfosalicylic acid; zinc oxide nanoparticles; cosmeceutical; antimicrobial

1. Introduction

Nanotechnology is a rapidly developing technology with applications in diagnosis,
medicine, cosmetics, environmental science, and other fields [1]. Nanoparticles (NPs)
are nanoscale materials, with particle size in the range of 1–100 nm, that have distinct
physical and chemical properties [2]. Metal and metal oxide NPs are widely used for
the controlled release of specific drugs that protect the skin from ultraviolet light and
bacteria [3,4]. Zinc oxide (ZnO) is an important metal oxide with many valuable properties,
such as semiconductance and absorption of a wide rangradiationtions. It also exhibits
high catalytic activity [5]. ZnO has numerous biotechnological applications in enzyme,
agriculture, and textile industries, and is used in various biological techniques [6].

Biodegradable ZnO nanoparticles (ZnO NPs) are often used in cosmetics to protect the
skin from harmful radiation [7]. As a modern drug delivery system, ZnO has numerous
advantages, including low production costs, biocompatibility, high drug-loading capacity,
controllable drug-release ability, and targeted delivery, depending on its size and shape [8].
For instance, ZnO NPs can be used as a photosensitizing agent in sunscreens to protect
the skin, and as an antibacterial agent in pharmaceutical industries [9]. Nanocosmetics are
formulated using components less than 100 nm in diameter. Owing to its low toxicity, ZnO
has been listed as safe by the Food and Drug Administration [10].

High bacterial resistance to conventional antimicrobial drugs has become a global
health concern, particularly during the coronavirus disease 2019 (COVID-19) pandemic [11].
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Noble metal-doped ZnO NPs can attach to Gram-positive and Gram-negative bacteria
via different pathways. The peptidoglycan layer and lipoteichoic acid in the membrane
provide negative charges on the cell surface. Using electrostatic interactions, ZnO NPs are
attracted to positive charges on the cell surface, which leads to increased cell permeability,
damage of membrane proteins, and cell death in microorganisms [12,13]. In addition, ZnO
NPs possess antimicrobial activity against human pathogenic bacteria, such as Streptococcus
pneumonia, Escherichia coli, and Staphylococcus aureus [14,15]. ZnO NPs have also attracted
wide attention owing to their benefits, including antiangiogenic properties and the promo-
tion of the proliferation of adult dermal fibroblasts [16,17]. ZnO NPs functionalized with
pomegranate pericarp extract exhibited antimicrobial and antioxidant activities, indicating
their potential for biomedical applications [18].

Salicylic acid (SA; 2-hydroxybenzoic acid; C7H6O3) is a phenolic acid with an aromatic
ring linked to a hydroxyl group that is produced by several plants. 5-Sulfosalicylic acid
(5-SSA; with hydroxyl, carboxyl, and sulfonic groups, C7H6O6S) is a hydrophilic aromatic
compound and one of the most common intermediates in personal care and pharmaceutical
products [19]. Numerous studies have examined the antifungal properties of these com-
pounds against various fungi [20,21]. In addition, extensive research has been conducted
over the years to uncover the mechanisms of action of SA, and it has been found that
SA interferes with the expression of many proinflammatory modulators [22,23]. SA has
been shown to reduce endoplasmic reticulum (ER) stress in fibroblasts and adipocytes [24],
as well as to reduce skin diseases, including yellow-brownish pigmentation around the
eyes [25], and to inhibit tyrosinase activity [26].

SA has been shown to exhibit anticancer effects by inducing ER stress [24]. In addition,
a study on the anti-inflammatory effects of SA and aspirin in animal cells showed the
inhibition of IκB activity by these compounds [27]. Considering its beneficial properties,
SA has been placed under the nonsteroidal anti-inflammatory drug (NSAID) group and
is widely used in several cosmetics and medical formulations for skincare products [28].
Owing to its functionality, 5-SSA has been used as a prototype drug that has structural
components of several antimicrobial and anti-inflammatory drugs [29].

The uncontrolled use of antibiotics has led to an increase in the growth and spread of
antibiotic-resistant microorganisms. Due to the higher rates of resistance and slower pace of
development of novel antibiotics, the use of traditional antibiotics to treat bacterial diseases
has become more challenging [30]. For instance, methicillin-resistant bacteria are commonly
responsible for skin and nosocomial infections in humans [31]. This has raised concerns
about a “postantibiotic era” in which many bacterial infections may become incurable [32].
Hence, alternative nonantibiotic therapeutic options have been investigated to ensure that
clinicians can access viable medications and evaluate the possible roles of nonconventional
and nonantibiotic approaches [33,34]. In this context, nanocomposites or nanomedicines
based on natural active substances with improved functional nonantibiotic activity or
antibacterial cosmetic agents are important for the treatment of microbial infections.

Here, we report for the first time, the synthesis of SA and 5-SSA NPs with ZnO NPs
and the antibacterial effects of these NPs. These compounds were selected because they
can increase penetration, improve ingredient stability, and function as active agents. In this
study, we focused on the synthesis and physicochemical characterization of SA-ZnO and
5-SSA-ZnO NPs and their antibacterial activity and cytotoxicity.

2. Materials and Methods
2.1. Chemicals and Materials

Human keratinocytes (HaCaT cells) were obtained from American Type Culture Col-
lection (ATCC) (Manassas, VA, USA). Zinc nitrate, SA, 5-SSA, and sodium borohydride.
Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), 0.25% trypsin-
EDTA, and phosphate-buffered saline (PBS) were purchased from Welgene (Gyeongsan,
Republic of Korea) and Sigma Aldrich (St. Louis, MO, USA). Penicillin (100 units/mL),
streptomycin (100 g/mL), and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
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mide (MTT) were obtained from HyClone (Logan, UT, USA). All other chemicals and
reagents used in this study were of analytical grade.

2.2. Synthesis and Characterization of SA-ZnO and 5-SSA-ZnO NPs

To prepare SA- and 5-SSA-conjugated ZnO NPs, 1 mL of 1 M zinc nitrate was mixed
with 1 mL of 4 M SA and 5-SSA separately and the volume was made up to 100 mL
using ddH2O. Then, 1:4 and 4:1 volume fractions of zinc nitrate were separately prepared
with both SA and 5-SSA and incubated at room temperature for 10 min. The solution
was heated at 90 ◦C under magnetic stirring for 30 min and cooled to room temperature,
followed by the dropwise addition of 500 µL of sodium borohydride (0.2 M) under vigorous
magnetic stirring over an ice bath. The reaction mixture was continuously stirred for the
next 4 h. Finally, the NPs were collected by centrifugation at 2500× g for 10 min in Figure 1.
All samples were dried at 45 ◦C overnight and stored in an airtight container at room
temperature for further analysis. Similarly, ZnO NPs were synthesized without SA or
5-SSA and used as controls for SA-ZnO and 5-SSA-ZnO NPs.
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sulfosalicylic acid, Zn(NO3)2:zinc nitrate.

After synthesis, the NPs were characterized using various analytical techniques.
The dried samples were examined for NP formation using a UV-Vis spectrophotome-
ter (OPTIZEN 2120UV/VIS, Mecasys, Daejeon, Republic of Korea). The functional groups
and binding properties of the NPs were also assessed in terms of transmittance (in the
400–4000 cm−1 range) using a Fourier transform-infrared (FTIR) spectrometer (Waltham,
MA, USA). SA, 5-SSA, SA-ZnO NPs, and 5-SSA-ZnO NPs were analyzed using powder
X-ray diffraction (XRD, MPD, PANalytical) and subjected to particle size analysis (Malvern
Panalytical Ltd., Malvern, UK). For scanning electron microscopy (SEM), dried samples
(10 mg/mL) of ZnO, SA-ZnO, and 5-SSA-ZnO NPs were dissolved in deionized water, and
10 µL of the sample was further diluted to 1 mL. Thereafter, 20 µL of the diluted sample
was dropped on carbon tape stacked over SEM stubs. Finally, the samples were dried at
50 ◦C and spin-coated with Pt for SEM (Hitachi S-4800, Tokyo, Japan).

2.3. Investigation of Antimicrobial Activity

E. coli (ATCC 15597) and B. cereus (ATCC 14579) strains were purchased from ATCC
(Manassas, VA, USA) and treated with the synthesized NPs. Briefly, 10 µL of bacterial
cultures were added to 10 mL of Luria–Bertani (LB) medium and incubated for 12 h at
37 ◦C with shaking (120 rpm). Bacterial cells were harvested by centrifugation at 2500× g
for 10 min. After washing with phosphate-buffered saline (PBS, pH 6.8), the cells were
resuspended at a density of 104 cells/mL. These cells were inoculated in fresh LB medium
mixed with 0.1% of the test samples (SA, 5-SSA, ZnO NPs, SA-ZnO NPs, and 5-SSA-ZnO
NPs) and incubated under shaking conditions at 37 ◦C for 12 h. Subsequently, treated
bacterial cultures were serially diluted (10−5, 10−6, and 10−7) and then gently spread on
LB agar media plates, and incubated at 32 ◦C for 12 h [35,36]. Finally, the antibacterial
activity of the tested samples was calculated by counting the colonies that emerged on the
agar plates.
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Similarly, the antibacterial activity assays of ZnO, SA-ZnO, and 5-SSA-ZnO NPs
(0.01%) relative to the control (without treatment) were performed for E. coli and B. cereus
and the putative mechanism of bacterial cell destruction was investigated using SEM
analysis. Briefly, 10 µL of each bacterial culture was inoculated from broth culture in
10 mL LB medium and incubated for 12 h under shaking conditions (120 rpm) at 37 ◦C.
Bacterial cells were harvested, washed with PBS (pH 6.8), and resuspended at a density
of 104 cells/mL. These cells were inoculated in fresh LB liquid medium in 96-well plates
containing nylon membrane cut into a round shape (diameter, 0.5 cm) and treated with
ZnO NPs, SA-ZnO NPs, and 5-SSA-ZnO NPs (0.01% each) or were left untreated (control),
and then incubated at 32 ◦C for 12 h. The cells that adhered to the nylon membrane were
fixed with 2.5% w/v glutaraldehyde and 2% w/v formaldehyde in PBS. The cells were
then dehydrated using an ethanol gradient series (70%, 80%, 100% ethanol) for 10 min
at each concentration and subsequently with acetone two to three times. Finally, the
washed bacterial cells were dried under a halogen lamp and sputter-coated with gold and
palladium. SEM analysis was performed (S-4800, Hitachi, Tokyo, Japan) to observe the
structures of the treated and nontreated bacteria.

2.4. Cell Toxicity Profiling

HaCaT cells were cultured in DMEM medium supplemented with 10% FBS, and
100 units/mL each of penicillin and streptomycin in a 5% CO2 incubator at 37 ◦C. It was
cultured undersupply, and subculturing was performed at 2–3 day intervals. HaCaT cells
were uniformly dispensed into a 96-well plate at a density of 1 × 104 cells per well, and
then SA-ZnO and 5-SSA-ZnO NPs were added at 25, 50, 100, and 200 µg/mL for 48 h
to measure cytotoxicity and proliferation. The Aqueous One Solution Cell Proliferation
Assay Kit (Promega, Madison, WI, USA) was used to examine the dose-dependent effects
of SA-ZnO and 5-SSA-ZnO NPs on cell proliferation. Thereafter, the old medium was
removed, and 100 µL of fresh DMEM and 20 µL MTT solution were added, followed by
incubation for 3 h in 5% CO2 at 37 ◦C. The sample was kept at room temperature in the
dark and the absorbance was measured using an ELISA reader (InfiniteTM F200, Tecan,
Mannedorf, Switzerland). An untreated culture was used as a control.

2.5. Statistical Analysis

Mean ± S.D. values were calculated using the Statistical Package for the Social Science
(SPSS) (version 20, SPSS Inc., New York, NY, USA). The statistical significance of differences
between the experimental and control groups was determined using the Student’s t-test. A
p-value ≤0.05 was considered statistically significant.

3. Results and Discussion

In this era of multidrug-resistant bacterial diseases, novel nonantibiotic therapeutic
agents for bacterial infections may provide a means to enhance the effectiveness of existing
antibiotics [37]. Metal oxide NPs have been used as therapeutic antibacterial agents [38,39].
Therefore, we developed nonantibiotic cosmeceutical NPs offering the nonsteroidal anti-
inflammatory functions of SA and 5-SSA in conjunction with the antibacterial function
of ZnO. The SA-ZnO and 5-SSA-ZnO NPs developed in this study have the potential for
protecting against bacterial infections.

3.1. UV-Visible Spectroscopy

The synthesis of ZnO NPs was initially confirmed using UV-VIS spectroscopy, with
these NPs showing a characteristic absorbance peak at 360 nm. SA, 5-SSA, SA-ZnO NPs,
and 5-SSA-ZnO NPs showed an absorption maximum at 300 nm, resulting in an energy
band gap (4.1 eV) as calculated using Planck’s equation for the preparation of ZnO NPs
(Figure 2a). An absorbance peak was found between 300 and 400 nm in an earlier report
on the synthesis of ZnO NPs [40]. In another study, a scan of synthesized ZnO NPs
in the 200–450 nm wavelength range, revealed an absorbance peak at 360 nm [41]. A
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similar absorbance peak was reported in other studies [18,42]. When scanned at the same
wavelength, equal concentrations (10 µg/mL) of SA-ZnO and 5-SSA-ZnO NPs showed a
reduced peak compared with those of SA and 5-SSA (Figure 2a). From these results, it can
be concluded that SA and 5-SSA integrated with the ZnO NPs, resulting in the formation
of SA-ZnO and 5-SSA-ZnO NPs.
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3.2. X-ray Diffraction Analysis of Nanocomposites

The XRD patterns of SA, 5-SSA, ZnO NPs, SA-ZnO NPs, and 5-SSA-ZnO NPs are
shown in Figure 2b. For SA, the XRD pattern showed 2θ values at 11.09, 15.40, 17.33,
25.38, 28.13, 30.75, and for SSA, the values were 16.41, 25.52, 26.35, 28.05, 35.60, 52.93, and
60.34. The main peaks of ZnO NPs in XRD patterns revealed 2θ values at 31.71, 34.49,
36.20, 47.47, 56.71, 62.93, and 67.84 for which the reflection was indexed to (100), (002),
(101), (102), (110), (103), (112), and (201), respectively. However, as shown in Figure 2b, the
XRD pattern of the SA-ZnO NPs shows characteristic peaks at 16.93, 22.49, 33.23, 59.02,
69.40, and that of 5-SSA-ZnO NPs shows peaks at 11.12, 15.67, 23.62, 33.18, 58.94, and
69.34. Upon incorporation of SA and 5-SSA into ZnO NPs, some of the crystalline peaks
vanished and ZnO crystalline peaks emerged, revealing the formation of composite SA-
ZnO and 5-SSA-ZnO NPs, respectively. In particular, SA-ZnO and 5-SSA-ZnO NPs showed
patterns of peaks different from those of ZnO NPs. The average crystallite sizes obtained
from the assigned peaks shown in Figure 2b were 15.77, 14.56, and 13.97 nm for ZnO NP,
SA-ZnO NPs, and 5-SSA-ZnO NPs, respectively. The XRD pattern clearly indicates the
functionalization of ZnO with SA. Furthermore, the narrow diffraction peak revealed the
formation of crystalline ZnO NPs [43] that were synthesized using the standard diffraction
data for ZnO NPs available in the library (JCPDS 00-036-1451) [44].

3.3. FTIR Spectroscopic Analysis of Nanocomposites

The FTIR spectra were used to identify functional groups associated with SA, 5-SSA,
ZnO NPs, SA-ZnO NPs, and 5-SSA-ZnO NPs (Table 1 and Figure 3a). The FTIR spectra of
ZnO NPs showed a broad peak assigned to the hydroxyl group with stretching at 3381 cm−1.
The C-H bending vibration band was observed at 1382 cm−1. The =C-H bending vibration
bands appeared at 903 and 693 cm−1. The spectrum of SA showed peaks at 3230 and 2999
cm−1, which were assigned to O-H and C-H stretching, respectively. The C=O and C=C
stretching were assigned to the peaks at 1653 and 1607 cm−1, respectively. The O-H, C-O,
and C-OH (phenolic) stretching peaks were observed at 1441, 205–1291, and 1151 cm−1,
respectively. The vibration peaks at 886 and 688 cm−1 were attributed to C-H and
=C-H, respectively. The FTIR spectrum of pure 5-SSA (Table 1) showed the character-
istic vibrational peaks of C-H bonds in the benzene ring at 3022 cm−1. The distinct peaks at



Coatings 2023, 13, 941 6 of 14

1657, 1478, and 1438 cm−1 were assigned to C=O, O-H, and COO- stretching, respectively.
The vibrational increase that appeared at 715 cm−1 was ascribed to C-H. The composite
FTIR spectrum of SA-ZnO showed an intense peak at 560 cm−1 due to Zn-C interactions,
and the disappearance of the peak at 780 cm−1 implied a change from the plane of -OH to
-O− vibrations. The formation and deformation of the peaks confirmed zinc-to-salicylic
acid interactions. The broad peak at 3403 cm−1 corresponded to the stretching vibrations
of the O-H phenol group and the peaks at 1393, 1249, and 1141 cm−1 corresponded to
the C-H, C-N, and C-O stretching, respectively; the appearance of new peaks at 755 and
655 cm−1 corresponded to C=C and that at 655 cm−1 corresponded to C=O stretching. For
the 5-SSA-ZnO NPs, the peak at 558 cm−1 was attributed to the Zn-C interaction. The disap-
pearance of the peak at ~900 cm−1 further confirmed the Zn–5-SSA interaction (Figure 3a).
The peak at 3400 cm−1 was attributed to O-H stretching (phenols). The absorption at
1606, 1470, and 1242 cm−1 indicated C=C stretching, C-H bending, and C-OH, respectively.
The bands recorded at 1089 and 670 cm−1 were attributed to the C-O alcohol and C=C
stretching, respectively, as shown in Table 1 and Figure 3a. The presence of capping and
stabilization agents, SA and 5-SSA, was confirmed. Figure 3a shows the stretching vibration
at a 600–650 cm−1 peak appeared to be the characteristic peak for ZnO functional groups.
FTIR spectroscopy was used to measure changes in the chemical bonding between Zn NPs
and SA-ZnO NPs. 5-SSA-ZnO NPs showed absorption peaks different from those of ZnO
NPs. Specific absorption peaks were observed. Therefore, SA-ZnO and 5-SSA-ZnO NPs
have different sizes, compositions, and antimicrobial activity.
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Figure 3. (a) The functional groups in SA, 5-SSA, ZnO NPs, SA-ZnO NPs, and 5-SSA-ZnO NPs
analyzed using FTIR. (b–d) Particle size distribution and zeta potential distribution analysis of ZnO
NPs, SA-ZnO NPs, and 5-SSA-ZnO NPs. ZnO NPs: zinc oxide nanoparticles; SA: salicylic acid;
5-SSA:5-sulfosalicylic acid.
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Table 1. Fourier-transform infrared (FTIR) frequency range and functional groups present in the samples.

ZnO NPs SA 5-SSA SA-ZnO NPs 5-SSA-ZnO NPs

Wave Number
(cm−1)

Functional
Group

Wave Number
(cm−1)

Functional
Group

Wave Number
(cm−1)

Functional
Group

Wave Number
(cm−1)

Functional
Group

Wave Number
(cm−1)

Functional
Group

3380 O-H 3230 O-H 3022 C-H 3403 O-H 3400 O-H
1382 C-H 2999 C-H 1657 C=C 1599 -N-O 1606 C=C
903 =C-H 1653 C=O 1607 C=C 1484 O-H 1470 C-H
693 =C-H 1607 C=C 1478 O-H 1466 C-H 1242 C-OH

- - 1441 O-H 1438 COO 1393 C-H 1089 C-O
- - 1291 C-O 1118 C-O 1249 C-N 1032 C-O
- - 1205 C-O 1023 S=O 1141 C-OH 670 C=C
- - 1151 C-OH 715 C-H 755 C=C 558 Zn-C
- - 886 C-H 655 C=C 655 C=C 900 Zn-O
- - 688 =C-H - - - - - -
- - 560 Zn-C - - - - - -
- - 780 Zn-O - - - - -

3.4. Nanostructures of Nanocomposites

Physical and chemical properties, such as surface charge and shape, are critical to the
performance of NPs and are responsible for their accumulation at the target site, stability,
and circulation [45]. The zeta potential of ZnO NPs was −0.172 mV (Figure 3b), and that
of SA-ZnO and 5-SSA-ZnO NPs was 1.42 ± 3.22 and −5.98 mV, respectively (Figure 3c,d).
SEM analysis confirmed the shape, size, and structure of ZnO, SA-ZnO, and 5-SSA-ZnO
NPs (Figure 4a,e). During the synthesis of ZnO molecules with two different ratios (1:4
and 4:1) of SA and 5-SSA, small spherical structures accumulated. The NPs agglomerated
because of the electrostatic attraction between polar ZnO NPs. The synthesized SA-ZnO
and 5-SSA-ZnO NPs showed spherical shapes and average particle sizes of 91.82 and
165 nm, respectively (Figure 4b,e,f). However, no significant change was observed upon
changing the fraction of zinc salt mixed with SA or 5-SSA. A similar SEM image of spherical
particles was reported previously [46,47].
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Figure 4. Scanning electron micrographs of nanoparticles. At different ratios (1:4 and 4:1) of ZnO
mixed with SA or 5-SSA, ZnO:SA and ZnO:5-SSA NPs of different shapes and sizes were formed.
(a) ZnO NPs only. (b,c) SA-ZnO NPs, and (d,e) 5-SSA-ZnO NPs. (f) Particle size distribution. ZnO
NPs: zinc oxide nanoparticles; SA: salicylic acid; 5-SSA:5-sulfosalicylic acid.
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3.5. Antimicrobial Activity of NPs against E. coli and B. cereus

Recently, inorganic NPs have been effectively utilized in nanobactericidal and nanocar-
rier strategies for treating diseases and delivering drugs, and they can be used against
acute microbial diseases and multidrug-resistant bacterial strains [48,49]. Makabenta et al.
reported that ZnO NPs are the next-generation nanoantibiotics that are most commonly in-
vestigated against pathogenic/multidrug-resistant microorganisms [1]. We investigated the
antimicrobial activity of SA-ZnO and 5-SSA-ZnO NPs against E. coli over a concentration
range of 0.1–1 mg/mL (0.1%–1%); both the NPs inhibited the growth of E. coli (Figure 5a).
B. cereus is a pathogenic bacterium that causes food poisoning and sepsis. Treatment with
0.1–1 mg/mL (0.1%–1%) of SA-ZnO or 5-SSA-ZnO NPs effectively prevented the growth of
this pathogenic bacillus (Figure 5b). Therefore, SA-ZnO and 5-SSA-ZnO NPs may inhibit
the growth of a variety of Gram-positive and Gram-negative bacterial species.
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Figure 5. (a,b) Antimicrobial activity of SA and 5-SSA-ZnO NPs against Escherichia coli and Bacillus
cereus. The colony-forming units (CFU/mL) of bacteria treated with Zn(NO3)2, SA, 5-SSA, ZnO NPs,
SA-ZnO NPs, and 5-SSA-ZnO NPs. Zn(NO3)2: zinc nitrate; ZnO NPs: zinc oxide nanoparticles; SA:
salicylic acid; 5-SSA: 5-sulfosalicylic acid. Results are means ± S.D. of samples. * values are compared
with treatment groups, ** values compared with no treatment in the group at p < 0.05 Duncan’s
multiple range test (DMRT).

The antibacterial effects of ZnO, SA-ZnO NPs, and 5-SSA-ZnO NPs with regard to
morphological changes in E. coli and B. cereus were also investigated using SEM. In the
no-treatment group, E. coli cells had a normal morphology with smooth cellular membranes
(Figure 6a). After 1 h of treatment with ZnO NPs (0.01%), initiation of damage to the outer
cell membrane was evident (Figure 6b) and after 3 h treatment, extensive damage of E. coli
cells was observed (Figure 6c). Treatment of bacterial cells with SA-ZnO NPs for 1 h also
induced morphological changes (Figure 6e). In contrast, after 3 h of treatment (Figure 6f),
bacterial cell damage was enhanced due to the deposition of SA-ZnO NPs (Figure 6e).
Treatment of bacterial cells with 5-SSA-ZnO NPs for 1 h resulted in more damage to the
outer bacterial cell membrane (Figure 6h) than that observed after 1 h treatment with ZnO
and SA-ZnO NPs (Figure 6b,e). After 3 h treatment with 5-SSA-ZnO NPs, the bacterial
cell membrane was completely damaged, possibly due to enhanced interaction of 5-SSA-
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ZnO NPs with bacterial cell membranes (Figure 6i). Treatment with ZnO, SA-ZnO, and
5-SSA-ZnO NPs for 3 h exhibited strong antibacterial effects against E. coli.
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Figure 6. Scanning electron micrographs of Escherichia coli either untreated or treated with the
synthesized ZnO, SA-ZnO, or 5-SSA-ZnO NPs. (a) Control. Treatment with ZnO (0.01%) for 1 h
(b), ZnO (0.01%) for 3 h (c,d), SA-ZnO (0.01%) for 1 h (e), SA-ZnO (0.01%) for 3 h (f,g), 5-SSA- ZnO
(0.01%) for 1 h (h), and 5-SSA- ZnO (0.01%) for 3 h (i,j). Boxes in (c,f,i) show portions that have been
enlarged in (d,g,j), respectively.

Similarly, SEM analysis of B. cereus treated with ZnO, SA-ZnO, and 5-SSA-ZnO NPs
(0.01% w/v) was performed. Figure 7a shows an SEM image of untreated B. cereus; a
smooth and intact bacterial membrane surface can be seen in the micrograph. When the
cells were treated with ZnO NPs (0.01% w/v) for 1 h, only some morphological changes
(membrane corrugation) in the outer membrane of bacteria were seen together with some
intact bacteria (Figure 7b); more damage to the outer cell membranes was observed after 3 h,
which may be due to the attachment of NPs to cell membranes. Figure 7c shows the image
of cells treated with SA-ZnO NPs for 1 h, indicating more severe bacterial destruction than
observed after 1 h treatment with ZnO NPs. This could be due to the conjugation of SA
with ZnO NPs (Figure 7d). After 3 h of treatment with SA-ZnO NPs, the bacterial cells were
destroyed quickly and the cell walls were damaged, which could be responsible for the
killing of bacteria (Figure 7f,g). Figure 7e shows the results of 1 h treatment with 5-SSA-ZnO
NPs and indicates that bacterial cells may have been killed by corrosion caused by NPs
after their attachment to the cells. The 5-SSA-ZnO NPs killed bacterial cells faster than
the ZnO and SA-ZnO NPs. Treatment with 5-SSA-ZnO NPs for 3 h (Figure 7i) resulted in
almost complete killing of bacteria unlike in the case of treatment with ZnO NPs (Figure 7j).
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Figure 7. Scanning electron micrographs showing the morphology of Bacillus cereus either untreated
or treated with the synthesized ZnO, SA-ZnO, or 5-SSA-ZnO NPs. (a) Control. Treatment with ZnO
(0.01%) for 1 h (b), ZnO (0.01%) for 3 h (c,d), SA-ZnO (0.01%) for 1 h (e), SA-ZnO (0.01%) for 3 h (f,g),
5-SSA-ZnO (0.01%) for 1 h (h), and 5-SSA- ZnO (0.01%) for 3 h (i,j). Boxes in (c,f,i) show portions
that have been enlarged in (d,g,j), respectively.

ZnO NPs exhibit considerable bactericidal activity against various infections. Because
microbes have a negative charge and ZnO NPs have a positively charged group, an elec-
trostatic interaction occurs between the microbes and the NPs [50]. Once the response is
initiated, the microbes are oxidized, resulting in the adherence of the NPs to the bacterial
cell wall [51]. In addition, ZnO NPs facilitate access to inactive proteins and bacteria via the
microbial cell membrane [52]. Furthermore, there are various mechanisms by which ZnO
NPs generate reactive oxygen species (ROS) and hydrogen peroxide, resulting in the inhibi-
tion of DNA replication, membrane damage, increased cell permeability, and destruction
of bacterial cells [52,53]. Thus, the antibacterial activity of ZnO NPs makes them excellent
candidates for use as antibacterial agents against microbes. Furthermore, as evident from
the results of SEM analysis in the present study, 3 h treatment with ZnO, SA-ZnO, and
5-SSA-ZnO NPs induced changes in E. coli and B. cereus cells, such as the disruption of
the outer cell membrane (Figures 6 and 7). Based on these findings, the antibacterial effect
of SA-ZnO and 5-SSA-ZnO NPs appears to involve increased cell permeability through
the disruption of the cell membrane, deformation of bacterial cells, and ROS formation,
allowing the leakage of intracellular material, resulting in cell membrane shrinkage and
eventually cell death.

As confirmed using FTIR analysis, the novel ZnO NPs in which SA or 5-SSA was
conjugated during synthesis, had more phytophenolics that could contribute carboxyl to
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the hydroxyl group in the ZnO NPs. Therefore, SA-ZnO and 5-SSA-ZnO NPs may have
caused the instability and destruction of the biomolecules in the bacterial cell membrane.
In another study, SA and other phytochemicals were shown to have antibacterial activities
against E. coli and S. aureus [54]. It has also been reported that 5 mM salicylate exerts
a strong bacteria effect against E. coli [55]. Therefore, SA-ZnO NPs and 5-SSA-ZnO NP-
mediated bacterial cell death may be influenced by the membrane permeability of E. coli,
a Gram-negative bacterium. B. cereus, a Gram-positive bacterium, was subjected to SEM
analysis. Gram-positive bacteria have a thicker peptidoglycan layer than Gram-negative
bacteria, which could necessitate more NPs to penetrate the cells [56–58].

3.6. Growth and Proliferation of HaCaT Cells Treated with SA-ZnO or 5-SSA-ZnO NPs

Sunscreens containing ZnO NPs have more advantages over other lotions because of
their transparent nature and ability to reflect solar radiation, which prevents skin irritation
and photoaging [59,60]. In this study, we performed a cytotoxicity assay to determine the
toxicity or protective effects of the NPs on HaCaT cells. At high concentration, ZnO NPs
were relatively toxic to HaCaT cells (Figure 8). Additionally, when SA-ZnO and 5-SSA-ZnO
NPs were added at a high concentration (200 µg/mL), the growth of the cells was not
significantly different from that of the untreated control (Figure 8). Notably, ZnO NPs
showed cell toxicity with increasing ZnO NP concentrations. Thus, this study proves
that zinc and SA are less toxic when converted into SA-ZnO or 5-SSA-ZnO NPs. This
may be because SA and 5-SSA cover the ZnO cores; hence, SA ZnO and 5-SSA-ZnO NPs
circumvent the direct contact of ZnO cores with HaCaT cells, resulting in less toxicity.
Several studies have suggested that SA exerts its anti-inflammatory activity by inhibiting
the transcription of proinflammatory proteins [61] and by absorbing UV radiation [62,63].
Topical application of sodium salicylate shows photoprotective activity, and SA has been
shown to reduce skin erythema in mice [64]. This suggests that SA-ZnO and 5-SSA-ZnO
NPs confer enhanced antimicrobial activities to cosmetics and pharmaceuticals.
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Figure 8. Effect of SA-ZnO and 5-SSA-ZnO NPs on the viability of human HaCaT cells. The cells
were treated with Zn(NO3)2, SA, 5-SSA, ZnO NPs, SA-ZnO NPs, and 5-SSA-ZnO NPs (25, 50, 100,
and 200 µg/mL, respectively) for 24 h and then subjected to an MTT assay. Values are means ± S.D.
a,b,c values not sharing a common letter are significantly different among the group at p < 0.05 (DMRT).

4. Conclusions

The novel SA-ZnO and 5-SSA-ZnO NPs exhibited potential antibacterial activities.
The formation of ZnO NPs was confirmed based on the characteristic peak in the UV-Vis
spectra. The SEM images of the SA-ZnO and 5-SSA-ZnO NPs confirmed the structure of the
agglomerated irregular or spherical NPs. SA-ZnO NPs exhibited physicochemical proper-
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ties different from those of ZnO and SA. SA-ZnO and 5-SSA-ZnO NPs were not cytotoxic to
human keratinocytes (HaCaT cells), which indicates the safety of these NPs. Moreover, the
nonantibiotic antibacterial activities of SA-ZnO and 5-SSA-ZnO NPs effectively inhibited
the growth of pathogenic E. coli and B. cereus. The novel SA-ZnO and 5-SSA-ZnO NPs
may be applied as multitarget antimicrobial agents and can be used in a wide range of UV
sunscreens. SA-ZnO and 5-SSA-ZnO NPs can also be used in public health approaches to
control pathogenic microorganisms and prevent infectious diseases.
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