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ABSTRACT 

This article reports the excellent antimicrobial response of nanoparticulate ZnO against multidrug-resistant 

organisms (MDROs). We demonstrate that the enhanced antimicrobial activity against MDROs depends on the 

crystalline defects of ZnO. Hence, this work provides insights on the ZnO-microorganism interactions, and we 

pose combined physico-chemical action mechanisms against resistant bacteria.  

 

Highlights  

- Synthesis of ZnO nanoparticles with antimicrobial response against multidrug-resistant organisms. 

- A high crystal defect concentration leads to a high surface reactivity and they improve the antibacterial 

response 

- A combined action of surface reactivity is mandatory to obtain this inorganic antimicrobial agent. 
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Introduction 

The number of multidrug-resistant organisms (MDROs) has increased considerably over the past few years, 

as a result of an inadequate use of antimicrobial agents. The main causes of antimicrobial resistance are overuse 

of antibiotics, inappropriate antibiotic use in selecting resistant organisms, and the ability of resistant organisms 

to spread in the hospital setting [1]. The excessive exposure of microorganisms to drugs increases their ability 

to develop survival mechanisms, causing an emerging threat and a health challenge [2]. These microorganisms 

have developed the capacity to neutralize the action of the effects of the drugs [3,4]. For example, it is estimated 

that in Europe 25,000 people die each year as a result of multidrug-resistant bacterial infections [5]. For these 

reasons, the search and development of new antimicrobial agents capable to fight the increasing number of 

MDROs are being promoted by the World Health Organization [6].  

Nanomaterials are being incorporated in a wide range of applications because of functional and structural 

properties are different from the bulk [7]. Anticipating the evolution of resistant microorganisms and taking 

into account the advantages of nanoparticles, an incipient use of nanomaterials has begun to generate 

alternative antimicrobial agents [8,9]. Specifically, inorganic nanomaterials are being presented as an 

alternative to classic antimicrobial agents. There are several reasons to propose inorganic nanomaterials as 

substitute antimicrobial agent for MDROs, from their less widespread use to their great stability [10]. One of 

the most researched and used inorganic materials for health care with antimicrobial properties are silver 

nanoparticles (Ag NPs) [11,12]. Ag NPs show a high antimicrobial response against bacteria, but a study about 

its behaviour against other microorganisms, such as fungi, has not been carried out. In addition, the obtaining 

cost of the nanoparticles and the short lifetime of antimicrobial action are other negative factors. Recently, 

Panáček et al. have discovered that bacteria repeatedly exposed to silver nanoparticles can rapidly develop 

resistance to their antibiotic activity [13]. With respect to gold nanoparticles (Au NPs), their antimicrobial 

activity against bacteria and fungi shows positive results but mainly in short times of action [14]. The 

functionalization capacity of Au NPs gives them a greater interest. For example, Li et al. have designed an 

antimicrobial strategy using functional Au NPs to combat resistant bacteria [15]. However, the high production 

costs of functional nanoparticles make the search of other inorganic antimicrobial agents necessary. In the field 

of metal oxides, the most commonly used is titanium oxide, TiO2. The antimicrobial activity of TiO2 is improved 

with nanometric size, anatase structure and under ultraviolet (UV) irradiation [16,17]. However, the use of TiO2 

NPs under UV light is restricted due to the genetic damage in cells and human tissues [18,19]. Therefore, the 

search for an inorganic agent that can be used without endangering human health is necessary. Another metal 

oxide, which is increasingly relevant, is ZnO. Its versatility and a broad-spectrum of action against 

microorganisms place the ZnO as a promising antimicrobial agent [20–27]. Recently, we demonstrated that 

nanostructured ZnO microparticles shown excellent antimicrobial properties based on the electric charges 

accumulated in the Schottky barriers [28,29]. Many researchers correlate the antimicrobial activity of ZnO with 

the size of the constituent particles, being more effective the nanometric size [30–32]. However, the role of ZnO 

nanomaterial properties in antimicrobial activity is still not adequately understood. 
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Herein, we aim to synthesize ZnO nanoparticles for the antimicrobial applications. In order to study the 

antimicrobial response of nanoparticulate ZnO, different kind of bacteria has been tested. Common bacteria 

such as E. coli and S. aureus decrease their growth in presence of synthesized ZnO. In addition, three MDROs 

as K. pneumoniae, Methicillin-resistant Staphylococcus aureus (MRSA) and Vancomycin-resistant Enterococcus (VRE) 

are tested after the addition of nanoparticulate ZnO. We show the excellent antimicrobial activity at low-doses 

of synthesized ZnO against MDROs. Hence, these promising antimicrobial results of synthesized ZnO have 

been discussed and we pose an action mechanism against resistant bacteria. Ultimately, our study provides a 

new path to inorganic antimicrobial agents as a replacement of used common antimicrobial agents to fight 

against MDROs. 

Materials and Methods 

Sample preparation. All the chemicals were directly used without further purification. First, a suspension of 6 wt.% 

micrometric zinc oxide (ZnO) in 3.6 mol of glycerol is prepared and homogenised. Subsequently, 3.6 mol of urea (CO(NH2)2) 

were added to the suspension under stirring at room temperature. The reaction was heated in a silicone bath at 120–140°C 

and stirred at 300 rpm for 2h. After naturally cooling, the precipitate was isolated by filtration and washed with water and 

ethanol several times to remove impurities. The white powder was dried at 80°C for 24h. At the end, the product was 

thermally treated at 500°C for a short time, 5 min, in the air. 

Reference products. Two commercial references of ZnO were chosen based on their size to compare some properties of 

obtained ZnO. Micrometric ZnO (microZnO) was acquired from Asturiana de Cinc S.A. (Spain). Respect to nanometric 

ZnO (nanoZnO) was purchased from Evonik Industries (Germany). Both products were thermally treated at 500°C to keep 

annealing conditions of obtaining ZnO. 

Structural characterization. Crystalline phases were characterized by X-ray diffraction (XRD, X'Pert PRO Theta/2theta of 

Panalytical, Cu K radiation, PANalytical, The Netherlands). The patterns were recorded over the angular range 20–70° (2θ) 

with a step size of 0.0334° and a time per step of 100 seconds, using Cu Kα radiation (λ = 0.154056 nm) with working voltage 

of 40 kV and current of 100 mA. The surface composition was performed by an X-ray Photoelectron Spectrometer (XPS, K-

Alpha, Thermo Scientific). Prior to analysis, the samples were cleaned by ion-bombardment with an Ar+ beam (2 kV) for 5 

min. A monochromated Al Kα (1486.6 eV) source running at a voltage of 12 KV with a pass energy of 40 eV was used for 

high-resolution region scans and 200 eV for survey scans. For charge correction, a 1 point scale with the C 1s peak shifted 

to 285.0 eV was used. The frequency modes of samples were characterized by Confocal Raman Microscopy (CRM, Witec 

alpha-300R). Raman spectra were obtained using a frequency-doubled Nd-YAG laser operating at 532 nm and an x100 

objective lens (numerical aperture = 0.9). The incident laser power was 20mW. 

Textural Characterization. The specific surface area was determined by the BET method (SSA, Monosorb Surface Area 

Analyzer MS-13, Quantachrome). 

Electron Microscopy. The morphology of samples was evaluated using primary electrons images of field emission scanning 

electron microscopy (FE-SEM, Hitachi S-4700). An image processing and analysis program (Leica Qwin, Leica Microsystems 

Ltd, Cambridge, England) were performed to determine the average particle size from FE-SEM micrographs. Under 

conditions always is considered more than 200 particles in each measurement. In addition, a detailed morphology and 

crystal structure of the sample was evaluated using a JEOL 2100F transmission electron microscope (TEM/HR-TEM) 

operating at 200 KV and equipped with a field emission electron gun providing a point resolution of 0.19 nm. For TEM 
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sample preparation, the particles were carefully suspended in ethanol and dispersed using an ultra-sonication bath for 10 

minutes. The suspension was dropped on a copper TEM grid with carbon film support. After evaporation of ethanol, the 

particles were kept at the grid. 

UV Photocatalytic degradation. The ROS generation of samples was indirectly determined by photocatalytic activity. A 

degradation of a typical organic dye, methyl orange (MO, C14H14N3NaO3S), under UV light irradiation at an ambient 

temperature in air with magnetic stirring was performed. A 0.05 mM solution of MO was prepared in deionized water. 

Subsequently, 100 mg L-1 of the sample was added to the MO solution. The mixture was magnetically stirred with a 

magnetic bar for 15 min in the dark, to allow adsorption equilibrium. After that, the suspension was irradiated with UV 

light (24 W) and aliquots are collected from the above suspension at different time intervals (from 10 to 300 min). The 

aliquots were centrifuged at high speed (6000 rpm) for 30 min. The obtained supernatant was then analysed using 

ultraviolet-visible spectroscopy (UV-Vis spectrophotometer, Pelkin Elmer-Lambda 950) by recording variations in 

absorbance at a wavelength of 463 nm. The degradation percentage, D(%), was calculated according to Beer-Lambert law 

as in Eq. 1: 

D(%) = 
A0 −  A

A0
x 100 (1) 

where A0 and A are the absorbances of samples at the beginning time (t0) of irradiation and at time t, respectively. 

Chemical Analysis. Zn2+ released was determined by inductively coupled plasma optical emission spectrometry (ICP-OES, 

Iris Advantage, Termo Jarrel Ash). For sample preparation, 10g L-1 of samples was added in 25 mL of distilled water. The 

suspension was stirred under ultrasound 5 min and it was allowed to stand for 24 h. After that, the suspension was 

centrifuged and decanted obtaining a colourless supernatant. 

Antibacterial activity test. Different kinds of bacteria were used for testing the antibacterial activity of samples: Escherichia 

coli (CECT 516, ATCC 8739), and Staphylococcus aureus (CECT 240, ATCC 6538P). In addition, three kinds of resistant bacteria 

were also employed: Klebsiella pneumonia (ATCC 4352), Methicillin-resistant Staphylococcus aureus (MRSA, CECT 5190) and 

Vancomycin-resistant Enterococcus (VRE, CECT 5253). The Macrodilution method from the National Committee of Clinical 

Laboratory Standards (NCCLS) was performed with some modifications. According to this methodology, 3 ppm of ZnO 

was introduced in test tubes containing buffered peptone water (PW) at pH 7.4 as a nutrient medium. Subsequently, tubes 

were inoculated with ca. 5x105 cells mL-1 of bacteria in mid-exponential phase and incubated at 37°C for 24h. Bacterial 

counts were enumerated by sub-cultivation on tryptic soy agar (TSA) plates. All tests were performed in duplicate and the 

values were expressed in colony forming units (CFU) per mL of suspension. To know the efficacy of the product, the value 

of antimicrobial activity (R) was calculated (Eq. 2): 

R = log  (C
I⁄ ) −  log(P

I⁄ )  = log (C
P⁄ ) (2) 

where I is the average of the number of viable cells of bacteria just incubated (t0), C after 24h of incubation (control) and P 

after 24h of incubation treated with the product. 

Results and Discussion 

The new ZnO material, thereafter nanoparticulate ZnO (NP-ZnO), is obtained by a soft chemistry method. 

The ZnO synthesis is more detailed in Material and Methods, see the Electronic Supplementary Information. At 

the end, the as-prepared material is thermally treated at 500°C for a short time, 5 min, in the air. The NP-ZnO 

antimicrobial activity is evaluated by the macrodilution method against two common and extended bacteria: 
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Escherichia coli (CECT 516) and Staphylococcus aureus (CECT 240). In order to compare the results, two 

commercial references of ZnO of different size are used: one micrometric (microZnO) and another nanometric 

(nanoZnO). It is worth to remark that the ZnO concentration used in this study is as low as 3 ppm. Fig. 1a 

shows the behaviour of NP-ZnO antimicrobial response against E. coli. The control represents the bacteria 

population incubated after 24 hours without the ZnO addition. After the ZnO addition, the number of E. coli 

colonies is reduced. Both commercial references of ZnO (microZnO and nanoZnO) reach R values close to 2.1, 

demonstrating a moderate bactericidal behaviour. However, the antimicrobial response of NP-ZnO against E. 

coli is more effective with an R value of 3.4, in spite of the low ZnO concentration. With respect to S. aureus, the 

behaviour of references micro and nanoZnO is similar to E. coli. Fig. 1b displays that both commercial samples 

reach values ca. 2.2. Once more, NP-ZnO shows a better R value against S. aureus (R=3.3) than commercial 

references. In this case, the bacteria growth decreases up to 99.95% when NP-ZnO is added to the medium. 

Therefore, NP-ZnO is a more effective antimicrobial agent than reference samples.  

 
Figure 1  Comparative antibacterial activity of NP-ZnO and commercial references (micro and nanoZnO) against E. coli (a) and S. 

aureus (b). The bacterial population is expressed as colony forming units per mL (CFU mL-1). The initial bacteria count (control) is 

represented by red colour for E. coli and orange colour for S. aureus. The bacteria population after incubation with ZnO commercial 

references is indicated as grey colour and after incubation with NP-ZnO is symbolized by blue colour. The antibacterial activity is shown 

as antimicrobial activity value (R). Each data represents an average of duplicate measurements for a concentration of 3 ppm ZnO and the 

error bars correspond to the standard deviation of the measurements. 

After the excellent NP-ZnO response against common bacteria (E. coli and S. aureus), the next step is to 

evaluate the antimicrobial activity against common multidrug-resistant organisms (MDROs). In this context, 

three resistant bacteria were selected for antimicrobial tests: Klebsiella pneumoniae, Methicillin-resistant 

Staphylococcus aureus (MRSA) and Vancomycin-resistant Enterococcus (VRE). The MDROs antimicrobial test 

keeps the same conditions as E. coli and S. aureus. Again, the bacteria colonies after 24 hours without NP-ZnO 

are represented as a control. Fig. 2a shows the decrease of K. pneumonia population after the bacteria incubation 

with 3 ppm of NP-ZnO. Surprisingly, the R value obtained is about 3.7, which means ~99.98% of bacteria 

population reduction. The excellent antibacterial response against S. aureus is also reflected against MRSA (Fig. 

2b). The addition of NP-ZnO reduces the colony forming units a 99.85% with respect to control. This percentage 

expressed as antimicrobial activity value corresponds to a R=2.9. Regarding VRE, Fig. 2c displays a decrease of 

bacteria population about 99.88% after the incubation with 3 ppm of NP-ZnO, which means an R value of 2.9. 
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As a result, the NP-ZnO shows an incredible antibacterial response against common bacteria and MDROs even 

for concentrations as low as 3 ppm.  

 
Figure 2  Antimicrobial response of 3 ppm NP-ZnO against MDROs: K pneumoniae (a), Methicillin-resistant S. aureus (b) and 

Vancomycin-resistant Enterococcus (c). The bacterial population is expressed as colony forming units per mL (CFU mL-1) and the 

antibacterial activity is shown as antimicrobial activity value (R). Each data represents an average of duplicate measurements and the error 

bars correspond to the standard deviation of the measurements. 

According to identify the possible action mechanism of NP-ZnO against “superbugs”, different assays are 

performed. First, XRD spectra (Fig. S1) shows a unique crystalline structure. The position and intensity of the 

diffraction peaks are adjusted with the wurtzite hexagonal structure, typical of ZnO (JCPDS Card No. 36-1451). 

The morphological characterization of NP-ZnO synthesized by FE-SEM (Fig. 3a) shows nanoparticles’ 

agglomerates with a heterogeneous distribution and irregular forms. The image analysis of the nanoparticles 

displays the average size to 56 ± 8 nm (Fig. 3b). Therefore, NP-ZnO is nanoparticles without a defined 

organization. Furthermore, the ZnO commercial references are also morphologically characterized. The 

micrometre reference, microZnO, is characterized as hexagonal rods with lengths of 1-2 μm (Fig. S2a). On the 

other hand, the micrograph of commercial nanoZnO shows larger aggregates of primary ZnO nanoparticles 

with a diameter ca. 20 nm (Fig. S2b). Hence, NP-ZnO particles have a nanometric size with a larger diameter 

than commercial reference nanoZnO. The specific surface area of NP-ZnO is also compared with commercial 

references. NP-ZnO has an SSA (27.6 m2g-1) just over commercial nanoZnO one (23.9 m2g-1). The Fig. 3c displays 

the TEM micrograph of NP-ZnO particle. As shown, the distance between crystalline planes is ~ 1.625 Å, which 

agrees with indexation of the ZnO plane (103), according to JCPDS Card No. 79-0206. In addition, irregular 

particle edges without defined crystalline ordering and surface roughness are observed, which indicates a low 

surface crystallinity of NP-ZnO. A detail of lattice spacing (Fig. 3d) shows multiple crystalline defects such as 

ion “holes” and crystal dislocations, and differences in the crystallographic orientation. These defects are 

typically attributed to oxygen or zinc vacancies in the ZnO structure [33,34]. By contrast, TEM micrograph of 

nanoZnO (Fig. 3e) displays high crystalline particles having faceted edges. The distance between crystalline 

planes (~ 2.8 Å) agrees with indexation of the ZnO plane (010). The Fig. 3e shows perfect faceted edges of 120º, 

in accordance with the hexagonal wurtzite structure. Regarding lattice spacing (Fig. 3f), nanoZnO has a high 

crystalline structure without defects. Comparing both ZnO structures (Fig. 3d and 3f), the disorder and 

multiple defects in the NP-ZnO particle are clearly evidenced. 
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Figure 3 Morphological characterization of synthesized NP-ZnO compared with nanoZnO. (a) FE-SEM micrograph shows 

aggregates of primary NP-ZnO nanoparticle. (b) The size population distribution of nanoparticles shows a mean size of 56 nm. (c) TEM 

micrograph of a single NP-ZnO nanoparticle displays the irregular morphology of the nanoparticle surface and the crystal ordering of the 

nanoparticle core. (d) A detail of defects in the crystal structure in the core region of the nanoparticle. (e) TEM micrograph of a single 

nanoZnO particle displays the faceted edges and the crystal ordering of the nanoparticle core. (f) A detail of the perfect crystalline order 

of nanoZnO. 

One of the main factors of ZnO action mechanism is the generation of reactive oxygen species (ROS) such 

as oxygen ions, free radicals, and peroxides, e. g.  oxygen (O2), hydrogen peroxide (H2O2), hydroxyl ion (OH), 

hydroxyl radicals (OH), peroxide (O2
2) and anion superoxide (O2

) [35]. To identify the ROS generation in 

NP-ZnO, a photocatalytic degradation of a standard organic dye is carried out under UV light irradiation. The 

dye degradation was followed by UV-Vis spectroscopy. The organic dye used is methyl orange (MO). Fig. 4a 

shows the percentage of degradation of the dye after the ZnO addition. At short times (10-30 min) there is 

practically no degradation of the dye. When the time is extended to 300 min, the MO dye is degraded by about 

82%. The results are compared with commercial references (microZnO and nanoZnO). The microZnO 

completely degrades the dye at 120 min, and nanoZnO needs 180 min to the full MO degradation. These data 

indicate a high ROS generation in commercial references and a decreased amount of ROS generated by NP-

ZnO. Another important factor in the antimicrobial activity of ZnO is the amount of leaching Zn2+ cation [36]. 

In this work, the Zn2+ cation release is performed by inductively coupled plasma atomic emission spectrometry 

(ICP-AES). Fig. 4b shows the concentration of Zn2+ released in the medium for NP-ZnO and it compared with 

ZnO commercial references. The commercial microZnO leaches the lowest Zn2+ concentration (3.4 mg L-1). The 
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nanoZnO reference has a similar behaviour to microZnO, which Zn2+ released concentration is 4.2 mg L-1. By 

contrast, NP-ZnO releases a large concentration of Zn2+ (15.3 mg L-1). Usually, two of the main factors that 

influence the Zn2+ release are particle size and surface area. In addition, the presence of crystalline defects 

shows a relevant effect on cation leaching. 

 

Figure 4 Results of ROS generation and leaching assays. (a) Photocatalytic degradation of MO under UV light irradiation in the 

presence of ZnO. The NP-ZnO results (blue) are compared with commercial references micro and nanoZnO (grey). (b) Chemical analysis 

of Zn2+ released in distilled water after 24h at 37ºC. 

In order to know what are the reasons for the great leaching of Zn2+ cations in NP-ZnO, a structural study 

is carried out compared with commercial references. X-ray photoelectron spectroscopy (XPS) is used to 

determine the surface composition of NP-ZnO from the two components of zinc oxide: zinc, Zn 2p, and oxygen, 

O 1s. In Zn 2p spectra (Fig. 5a), two peaks are observed at binding energies 1022.3 and 1045.4 eV. These peaks 

can be identified with the Zn 2p3/2 and Zn 2p1/2 lines, respectively. The binding energy difference between 

these two peaks is 23.1 eV. This fact confirms that the chemical valence of Zn element exists mainly in the +2 

oxidation state on the sample surfaces [37]. Fig. 5b shows the XPS spectra of O 1s region. These spectra display 

an asymmetric peak, which can be fitted with three Gaussian curves of different binding energies. The lower 

binding energy at 529.9 eV is attributed to the O2− ions which are surrounded by zinc atoms in the wurtzite 

structure [38]. At a binding energy of 531.0 eV, the second Gaussian curve corresponds to an oxygen-deficient 

region within the ZnO matrix [39]. The higher binding energy at 532.6 eV is attributed to chemisorbed oxygen 

[40]. According to the relative areas of each Gaussian curve (Table 1), it is possible to indicate a different 

behaviour between ZnO microparticles and nanoparticles. ZnO microparticles (microZnO) have the highest 

presence of oxygen in the wurtzite type structure and the lowest oxygen deficiency within the ZnO matrix. 

These results indicate that microZnO is more crystalline and with fewer surface defects than ZnO nanoparticles. 

On the other hand, both the commercial ZnO nanoparticles (nanoZnO) and the NP-ZnO synthesized have less 

oxygen surrounded by zinc atoms, being lower in the synthesized sample. The oxygen deficiency seems to be 

related to the structural defects observed by TEM (Figs. 3c and d). With respect to chemisorbed oxygen 
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contribution, the amorphous surface of the synthesized NP-ZnO allows a greater surface reactivity; and, 

therefore, a greater contribution of chemisorbed oxygen. 

 

Table 1  Gaussian peaks deconvoluted to O 1s XPS spectra and the relative area corresponding to each peak. 

NP-ZnO 

 O1s (1) O1s (2) O1s (3) 

Peak (eV) 529.87 531.09 532.65 

Area (%) 3.13 70.44 26.43 

 

nanoZnO 

 O1s (1) O1s (2) O1s (3) 

Peak (eV) 529.88 531.06 532.64 

Area (%) 3.63 71.35 25.02 
 

microZnO 

 O1s (1) O1s (2) O1s (3) 

Peak (eV) 529.98 531.02 532.60 

Area (%) 9.23 67.95 22.83 

 

A Raman study is performed to explore the relevance of the observed structural defects of the nanomaterial 

(Fig. 5c). The first Raman mode shown in the Raman spectra (99 cm-1) corresponds to the low-frequency E2 

mode (E2
low). This Raman mode is mainly associated with the zinc atom movements. At 203 cm-1, the 2E2

low 

mode is detected. The next Raman mode observed at 332 cm-1 is related to the difference between E2
high and 

E2
low modes, called as E2

high −E2
low mode. The E2

high mode that is located at 438 cm-1 is mainly involved in the 

oxygen atom movements [41]. Finally, the A1 (LO) and E1 (LO) modes are also observed at 574 cm-1 and 589 cm-

1, respectively. The A1 (LO) mode corresponds to the local vibration modes associated with the intrinsic defects 

of the network [42]. More specifically, this A1 (LO) mode is attributed to oxygen (VO) and interstitial zinc (Zni) 

vacancies, primarily in the atomic movement along the axis c [41]. In addition to the expected Raman modes, 

the presence of a Raman 2LA mode is detected at 478 cm-1, which corresponds to an overtone mode of the 

longitudinal acoustic branches (LA). Raman spectra of NP-ZnO compared to micro and nanoZnO shows 

changes in Raman A1 (TO), E1 (TO) and A1 (LO) modes (Fig. 5c). The high intensity of these Raman modes in 

NP-ZnO indicates high polarizability changes of the ZnO crystal with respect to commercial references (micro 

and nanoZnO). In addition, a red-shift in the E2
high Raman mode is observed for the synthesized NP-ZnO which 

correlates with a decrease in the strength constant of the bond favoured by the presence of oxygen vacancies. 

The enhancement of defect polarizability correlates with the decreasing in the short-range bond strengths of 

the nanoparticles, in particular, the dipolar surface interactions of the nanoparticles is modified as evidenced 
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by the different state of agglomeration of NP-ZnO when compared to the commercial nanomaterial. These 

results show that the synthesized NP-ZnO has defects in the crystal lattice that affect greatly their functional 

response. The appearance of these oxygen defects in the crystal structure can explain the high leaching of Zn2+ 

cations in the NP-ZnO. Moreover, the antimicrobial activity enhanced in spite of the nanoparticle size as a clue 

that crystal defect is relevant. However, the increase of Zn2+ cations into the medium is not enough by itself for 

the improvement of the antimicrobial activity. Moreover, the reduction of ROS production in NP-ZnO is related 

to a decreasing in the exciton formation from the UV photons. This ROS reduction could be related to the large 

diameter of the NP-ZnO, that exceed the quantum confinement diameter or by the defective crystal structure 

of their surface that limited the output of the charge carriers. In this sense, the higher reactivity of the NP-ZnO 

surface has a more relevant role in the antimicrobial activity than the previously expected one. 

 

Figure 5   Structural characterization of synthesized NP-ZnO. (a) XPS spectra of the Zn 2p core level region for NP-ZnO (blue) micro 

(dark grey) and nanoZnO (light grey).  (b) XPS spectra of the O 1s core level region, fitted with three Gaussian peaks: lower (green), 

medium (purple) and high (orange) binding energies. (c) Assignment of different Raman modes of ZnO. The Raman spectrum display 

changes in main Raman modes for NP-ZnO (blue) with respect to micro (dark grey) and nanoZnO (light grey). 

According to the results obtained, a mechanism based mostly on chemical interactions between NP-ZnO 

and microorganisms is posed (Fig. 6). When NP-ZnO is in the same medium as the bacteria, a Zn2+ cations 

release occurs (Fig. 6.1). Also, reactive oxygen species (ROS) are generated to a lesser extent. The ions released 

into the medium come into contact with bacteria (Fig. 6.2). Regarding Zn2+ cations, the penetration into bacteria 

is favoured because of bacterial membrane presents a negative charge [43], so there is an electrostatic attraction 

(Fig. 6.2.1). The effects of the toxic Zn2+ cation against the microorganism are: (i) destabilization of the 

membrane and greater permeability through a direct interaction with the bacterial membranes [36,44], (ii) 

penetration and interaction with nucleic acids causing a deactivation of the enzymes of the respiratory system 

[36], and (iii) release of excess Zn2+ ions to the cell can induce cytokine production and cytotoxic effect [45,46]. 

As shown in Fig. 4, the leaching of Zn2+ cations in NP-ZnO is larger than in nanoZnO. Taking into account the 

TEM micrographs of both materials (Fig. 3c-f), there is a notable difference in the crystallinity of their structures. 

The amorphous structure and oxygen deficient, in addition to the nanometric size of the synthesized NP-ZnO 
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particles is related to the greater release of Zn2+. The reactive oxygen species (ROS) generated by NP-ZnO also 

try to penetrate the bacterial membrane (Fig. 6.2.2). Mainly, the negative charge of some ROS limits the entering 

through the microorganism’s membrane having a similar charge. However, some ROS without negative charge 

such as hydrogen peroxide is able to penetrate the bacteria, while the other species remain in contact with the 

bacteria membrane [31]. The main role of ROS is to cause oxidative stress to the cells, but a massive presence 

of negatively charged ROS on the outer surface of the microorganisms can neutralize the efficacy of the Zn2+ 

cations. Since the NP-ZnO has a greater Zn2+ release and a lower ROS generation than the commercial 

references, microZnO, and nanoZnO, this neutralization is avoided. Therefore, the decrease in the generation 

of reactive species reduces the possibility of a higher concentration of ROS in the outer membrane of 

microorganisms. In addition, the great surface reactivity of NP-ZnO nanoparticles with a high polarizability of 

the defective crystal structure contributes to disturb the membrane surface and to debilitate the microorganism 

resistance. Moreover, NP-ZnO has surface irregularities which are able to cause abrasions in the membrane 

when it comes in direct contact with the bacteria (see Fig. S3 of the Supplementary data). The main action of the 

Zn2+ cations, aided to a lesser extent by the ROS generation and nanoparticles’ abrasions, finally causes the 

death of the microorganism (Fig. 6.3). 

 

Figure 6  Possible antibacterial mechanism of NP-ZnO. The mechanism consists of three steps. (1) The release of Zn2+ and the generation 

of ROS by ZnO nanoparticles. (2) The attraction between Zn2+ ions and bacteria, besides the presence of ROS. (2.1 and 2.2) The penetration 

of ions and molecules into the bacteria. (3) The collapse of the bacteria due to chemical damage. 

Conclusions 

In summary, we have developed a nanoparticulate ZnO with an excellent antimicrobial response by a soft 

chemistry process. The antimicrobial activity of NP-ZnO is tested against common bacteria, where the NP-ZnO 

shows a higher antibacterial activity as compared with two commercial references of ZnO. Outstanding, NP-

ZnO also displays an exceptional antimicrobial activity against multidrug-resistant organisms. Here, 

interestingly, the great antibacterial response of NP-ZnO is obtained even at low concentrations. The synthesis 

of NP-ZnO with high crystal defect concentration allows a greater Zn2+ release and a high surface reactivity. 

Such defects are revealed by Raman spectroscopy, showing an important contribution of the 2LA mode in 
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correlation with the crystalline defects for NP-ZnO. The ROS reduction of NP-ZnO also helps to improve the 

effectiveness of Zn2+ cations. The high polarizability of the crystal defects favours the electrostatic attraction 

between ZnO nanoparticles and the negative bacterial membrane, that later favours the penetration of Zn2+ 

cations and without charge ROS. Therefore, the combined action of surface reactivity, Zn2+ and ROS presence 

leads to MDROs death. The promising results of NP-ZnO open a gate towards inorganic antimicrobial agents 

to fight against MDROs. 
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