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Abstract 20 

 21 

Phytosynthesis of zinc oxide nanoparticles (ZnO NPs) using Mentha piperita extract offers a 22 

sustainable alternative for biomedical applications. This study investigates the synthesis, 23 

characterization, and biological properties of biosynthesized ZnO (ZnO Bio NPs) compared 24 

to chemically synthesized (ZnO Chem NPs) and commercial ZnO (ZnO Commercial NPs). 25 

We explored how peppermint’s phytochemicals influence ZnO NP synthesis and biological 26 

interactions. Peppermint-derived phytochemicals act as reducing and stabilizing agents while 27 

providing antioxidant and anticarcinogenic benefits, potentially enhancing ZnO Bio NPs’ 28 

therapeutic effects. Our findings reveal that ZnO Bio NPs exhibit superior stability and 29 

bioactivity due to plant-based capping agents. ZnO Bio NPs inhibited 52% of DPPH radicals 30 

at 15.63 µg/mL, outperforming ZnO Chem and Commercial NPs. In hemocompatibility 31 

studies, ZnO Bio NPs showed minimal hemolysis, both with and without protein corona 32 

(albumin and fibrinogen), ensuring safer blood interactions. Cytotoxicity assays 33 

demonstrated that ZnO Bio NPs had an IC50 of 49.91 µg/mL in human fibroblasts, 3-fold 34 

less cytotoxic than ZnO Commercial NPs. These results highlight the potential of 35 

peppermint-extract-based ZnO NPs for biomedical applications, offering lower cytotoxicity 36 

and greater biocompatibility while providing an eco-friendly alternative to conventional 37 

synthesis methods. 38 

 39 

Keywords: Biogenic synthesis, Cytotoxicity, Hemocompatibility, Eco-friendly nanoparticle, 40 

In vitro analysis.  41 
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Introduction 42 

Currently, chemical and physical methods remain the primary approaches for large-43 

scale nanomaterial synthesis. However, these techniques are often associated with 44 

environmental hazards, health concerns, high energy consumption, and elevated costs. In 45 

contrast, green synthesis offers a sustainable and eco-friendly alternative for producing 46 

nanoparticles with distinct properties[1]. This method utilizes natural reagents such as plant 47 

extracts, microorganisms, and agricultural by-products, replacing toxic chemicals and 48 

significantly reducing the carbon footprint of the synthesis process. Unlike conventional 49 

techniques, which generate hazardous waste and pose health risks, green synthesis minimizes 50 

environmental pollution while enhancing safety for both ecosystems and human health. 51 

Nanoparticles synthesized through this approach exhibit superior biocompatibility, improving 52 

their potential for biomedical applications [1–4].  53 

Among plant-mediated nanoparticle synthesis candidates, zinc oxide nanoparticles 54 

(ZnO NPs) stand out due to their unique properties [5]. ZnO NPs exhibit distinct physical, 55 

chemical, and biological characteristics that differentiate them from bulk zinc oxide. Their 56 

versatility in optical, electrical, and magnetic properties makes them suitable for a wide range 57 

of applications, including catalysis, energy storage, and biomedical uses [5,6]. However, 58 

conventional ZnO NP synthesis often relies on high-temperature processes and hazardous 59 

chemicals, which can introduce toxic by-products and reduce biocompatibility [6–8].  60 

 Phytosynthesis presents a safer and more sustainable alternative to conventional ZnO 61 

NP synthesis, which depends on high energy consumption and chemical reagents that 62 

compromise biocompatibility. The phytochemicals in plant extracts not only reduce and 63 

stabilize ZnO NPs but also enhance their biocompatibility, making them particularly suitable 64 

for drug delivery and regenerative medicine applications [9–12]. Recent studies have 65 

demonstrated that biosynthesized ZnO nanoparticles exhibit selective cytotoxicity, effectively 66 

targeting cancer cell lines while preserving healthy cells. This selectivity may be attributed to 67 

the interaction between ZnO NPs and bioactive compounds in plant extracts, which influence 68 

oxidative stress pathways in cancer cells [5,11–13].  69 

Among plant-based reducing agents, Mentha piperita (peppermint) stands out due to 70 

its rich phytochemical composition, which plays a crucial role in enhancing nanoparticle 71 

stability and biocompatibility [10]. Studies have investigated its anti-inflammatory, 72 

antimicrobial, and anticancer properties, as well as the effects of hesperidin in cardiovascular 73 

protection [14–16] Additionally, Mentha piperita is widely available, water-soluble, and rich 74 
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in polyphenols and flavonoids, making it an optimal candidate for sustainable nanomaterial 75 

synthesis [9,10,17]. The combination of ZnO NPs and Mentha piperita extract presents an 76 

innovative and eco-friendly approach to bionanotechnology and material science. Lin Loh et 77 

al. recently synthesized ZnO NPs using agricultural waste from peppermint tea dregs extract, 78 

focusing on photocatalytic performance but not evaluating their antioxidant activity, 79 

cytotoxicity, or biocompatibility [18].  80 

In light of green chemistry, this study focused on the biogenic synthesis of ZnO NPs 81 

using Mentha piperita extract (ZnO Bio NPs). Mentha piperita was selected due to its 82 

exceptional phytochemical profile, particularly its high levels of polyphenols and flavonoids, 83 

which enhance nanoparticle stability and biocompatibility. Compared to other plant-based 84 

reducing agents, its aqueous extract offers superior solubility, making it more effective in the 85 

green synthesis of ZnO NPs. Furthermore, its well-documented medicinal applications, 86 

including anti-inflammatory, antimicrobial, and antioxidant properties, reinforce its suitability 87 

for sustainable nanomaterial synthesis [10,14,16,19–23]. For comparison, we also synthesized 88 

ZnO NPs via a conventional chemical route (ZnO Chem NPs). These nanoparticles were 89 

extensively characterized using various techniques to evaluate their physical, chemical, and 90 

biological properties. We hypothesized that ZnO Bio NPs synthesized using Mentha piperita 91 

extract would exhibit superior antioxidant activity and biocompatibility compared to ZnO 92 

Chem NPs and ZnO Commercial NPs, owing to the presence of bioactive phytochemicals from 93 

the extract 94 

To the best of our knowledge, this is the first report comparing the cytotoxicity of ZnO 95 

Bio NPs synthesized with Mentha piperita aqueous extract against ZnO Chem NPs and ZnO 96 

NPs from Sigma Aldrich (ZnO Commercial NPs) in fibroblast cells. Additionally, this study 97 

evaluates hemocompatibility, providing valuable insights into the potential advantages of green 98 

synthesis methods using peppermint extract. These findings contribute to the development of 99 

biocompatible ZnO NPs with enhanced therapeutic potential for nanomedicine applications. 100 

  101 
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Materials and Methods 102 

General Reagents 103 

Zinc acetate dihydrate (Zn(CH3COO)2.2 H2O), phosphate-buffered saline tablet (PBS), 104 

4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid, N-(2-Hydroxyethyl)piperazine-N′-(2-105 

ethanesulfonic acid) (HEPES), fetal bovine serum (FBS), Roswell Park Memorial Institute 106 

1640 medium (RPMI 1640 ), Albumin from human serum (HSA), Fibrinogen from human 107 

plasma,  MTT reagent [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide], 108 

dimethyl sulfoxide (DMSO), DPPH reagent (2,2-diphenyl-1-picrylhydrazyl), nitric acid 109 

(HNO3), and zinc oxide nanoparticle <100 nm (ZnO Commercial NPs) were obtained from 110 

Sigma-Aldrich, MO, USA. Sodium hydroxide (NaOH) was obtained from Synth, Diadema, 111 

SP, Brazil. Peppermint (Mentha piperita) was acquired from Emporium O Cerealista, São 112 

Caetano do Sul, SP, Brazil. All experiments were conducted using analytical grade water 113 

purified by reverse osmosis using the Elga DV25 purifier, Ontario, CA.  114 

 115 

Characterization of M. piperita dried leaves and extract  116 

 Fourier-transform infrared spectroscopy (FTIR) was employed to identify functional 117 

groups in the peppermint dried leaves, operating at a resolution of 4 cm
-1

 and scanning from 118 

700 cm
-1

 to 4000 cm
-1

 by using an Agilent Cary 630 spectrometer. Thermogravimetric 119 

analysis was performed for dried leaves using a TA Instruments Q500 thermogravimetric 120 

analyzer. The antioxidant activity of the M. piperita extract was measured by DPPH protocol. 121 

In brief, 50 mg of dried leaves was suspended in ultrapure water. Subsequently, a serial 122 

dilution was performed in ethanol and mixed with 500 µL of a 0.1 mol L
-1

 DPPH solution, 123 

and the reaction was kept in the dark for 30 minutes. The reduction in absorbance was 124 

measured at 517 nm [24].The DPPH scavenging capacity was calculated using                                   125 

Equation 1: 126 

                
     

  
       

                                  Equation 1 

Where A0 and A1 correspond to the absorbance at 517 nm of the DPPH radical in 127 

the absence and presence of the antioxidant agent, respectively. 128 

 129 
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 Phytosynthesis of ZnO NPs (ZnO Bio NPs) 130 

The synthesis of ZnO Bio NPs was accomplished via a biogenic approach using mint 131 

extract (Mentha piperita) as a reducing agent [25]. Briefly, 2.5 g of peppermint was added 132 

into 100 mL of water heated to 75°C. The mixture was stirred at that temperature for 30 min. 133 

After agitation, the extract was centrifuged at 4400 rpm for 10 min, and the resulting 134 

supernatant was collected and stored. Subsequently, a solution of zinc acetate dihydrate at 135 

0.050 mol. L
-1

 was prepared (50 mL) and mixed with the previously obtained mint extract. 136 

The pH of the mixture was adjusted to 9 using a 0.5 mol.L
-1

 NaOH solution and the mixture 137 

were stirred for 1 h at 90 °C. The precipitated ZnO Bio NPs were separated by centrifugation, 138 

washed thrice with water, frozen, and finally lyophilized [25]. 139 

 140 

Chemical synthesis of ZnO NPs (ZnO Chem NPs) 141 

The chemical synthesis of ZnO NPs was performed as previously described with some 142 

modifications [26]. Briefly, 1 mL of ZnSO4.7 H2O (1 mol. L
-1

) was added into 13 mL of 143 

deionized water. The resulting mixture was heated to 60 °C. Subsequently, 6 mL of NaOH (1 144 

mol. L
-1

) was added dropwise over 3 minutes into the mixture. The reaction was carried out 145 

for 2 h, maintaining the internal reaction temperature within the range of 60-80°C. The 146 

resulting white precipitate of ZnOChem NPs was separated, washed, and dried at 60°C under 147 

reduced pressure
 
[26].

 
148 

 149 

Characterization of ZnO Bio NPs and ZnO Chem NPs  150 

The characterization of ZnO NPs involved several techniques to assess their physical 151 

and chemical properties. The average hydrodynamic size, polydispersity index (PDI) and zeta 152 

potential of ZnO NPs were analyzed using a Zetasizer Nano ZS (Malvern Instruments Co). 153 

Measurements were performed in aqueous media at 25°C, using a disposable folded capillary 154 

zeta cell at a fixed angle of 173°. For X-ray diffraction (XRD) analysis, powder samples were 155 

calcined at 750°C for 2 h before data collection. The data were recorded using a Bruker D8 156 

diffractometer with Cu Kα1,2-radiation and analyzed with the Rietveld Method to determine 157 

crystallite size and crystallinity index. Fourier-transform infrared spectroscopy (FTIR) was 158 

employed with an Agilent Cary 630 spectrometer to identify functional groups on the surface 159 

of biogenic ZnO NPs and the extract, operating at a resolution of 4 cm
-1

 and scanning from 160 

700 cm
-1

 to 4000 cm
-1

. Thermogravimetric analysis (TGA) was conducted using a TA 161 
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Instruments Q500 thermogravimetric analyzer to determine organic and inorganic content in 162 

ZnO Bio Chem and inorganic part for ZnO Chem NPs. High-resolution transmission electron 163 

microscopy (HRTEM) images were acquired using a Carl Zeiss LIBRA® 120 transmission 164 

electron microscope and a JEOL 2010 HR-TEM. Samples were dispersed in isopropanol, 165 

treated with an ultrasonic bath, and placed on carbon grids for imaging. Atomic force 166 

microscopy (AFM) experiments were conducted using the Bruker Bioscope Resolve device at 167 

room temperature to analyze the surface morphology and mechanical properties of the 168 

nanoparticles. AFM measurements were carried out with a Bioscope Resolve equipment 169 

(Bruker AXS, Palaiseau, France) using silicon nitride cantilevers of conical shape (Peakforce 170 

HIRS-SSB, Bruker AXS, Palaiseau, France) with spring constants of 0.12 nN/nm. 171 

Morphology and peakforce capture images were recorded in PBS at pH 7.4 and room 172 

temperature using Peakforce tappingTM mode with scan rate of 1 Hz and 256 force curves per 173 

line. Mechanical properties of surface morphology of the nanoparticles were calculated from 174 

the analysis of these images. Inductively coupled plasma optical emission spectroscopy (ICP-175 

OES, iCAP PRO, Thermo Scientific) was used for the quantification of zinc content in the 176 

ZnO NPs. Briefly, 100 µL of NP suspension were first mineralized with 3.5 mL of ultra-pure 177 

water and 2.5 mL of nitric acid 65 %. The samples were then digested using a Microwave 178 

Digestion System (Multiwave GO, Anton Paar) for 50 min at 210 °C. The volume was finally 179 

adjusted to 10.0 mL with 1 % nitric acid aqueous solution. For zinc quantification, standard 180 

solutions of zinc acetate were used to obtain a calibration curve of zinc from 0.1 to 10.0 mg.L
-

181 

1
 in 1 % nitric acid (Figure S1). All samples were injected using a peristaltic pump (set at 45 182 

rpm) in the ICP system with argon as auxiliary gas. The nebulizing pressure was 2.1 bar, and 183 

the flow rates of the nebulizer and cooler were 0.5 L.min
-1

 and 12.5 L.min
-1

, respectively. 184 

Data acquisition was achieved using Qtera software at the working wavelength of 213.856 185 

nm. The antioxidant activities of ZnO Bio NPs, ZnO Chem NPs, and ZnO Commercial NPs 186 

were determined using free radical scavenging assay. The DPPH scavenging capacity of each 187 

nanoparticle was calculated to quantify the inhibition percentage using the same methodology 188 

for the extract. The reduction in absorbance at 517 nm indicated the antioxidant capacity of 189 

each NP. 190 

Hemolysis  191 

A total of 1 mL of defibrinated horse blood (Thermofisher) diluted with 19 mL of 192 

NaCl 0.9% was mixed and used as blood stock solution. The negative control (0% hemolysis) 193 
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was NaCl 0.9%, whereas the positive control (100% hemolysis) was in ultrapure water. In a 2 194 

mL eppendorf, 0.25 mL of stock solution was incubated separately with 1.25 mL of ZnO Bio 195 

NPs, ZnO Chem NPs, or ZnO Com NPs in NaCl 0.9% for 2 h at 37°C. All the samples were 196 

centrifuged at 4,400 rpm for 4 min. The free hemoglobin measured at 540 nm using the 197 

supernatant[27]. NaCl 0.9% was treated as the blank, and its absorbance was subtracted from 198 

each reading. The percentage hemolysis was expressed as the ratio of the absorbance of the 199 

samples to that of the positive control (water) [27].  200 

 201 

Cell viability assay 202 

The cytotoxicity of ZnO Bio NPs, ZnO Chem NPs, and ZnO Com NPs towards normal 203 

human fibroblast cells (FN1) was analyzed with an MTT assay. Both cell types were cultured 204 

separately in Roswell Park Memorial Institute 1640 medium (RPMI 1640) supplemented with 205 

10% (v/v) fetal bovine serum (FBS) and 1% penicillin/streptomycin at 37°C in an atmosphere 206 

containing 5% (v/v) CO2. The cells were seeded at a density of 4 × 10
4
 cells per well in a 96-207 

well plate for 24 h. Subsequently, the cells were separately treated with ZnO Bio NPs, ZnO 208 

Chem NPs, and ZnO Com NPs, at different concentrations for 24 h. As a positive control, 5% 209 

DMSO was used. For negative control, water was used. The cells were washed with PBS, then 210 

50 µL of MTT solution (0.3 mg. mL
−1

), prepared in the RPMI 1640 without FBS, was added 211 

to each well, and plates were incubated for 1 h and 30 min at 37 °C in a humidified 212 

atmosphere containing 5% CO2. Finally, the MTT solution was removed from the wells, and 213 

formazan crystals were dissolved in 200 μL of dimethyl sulfoxide (DMSO). The plate was 214 

gently shaken at room temperature, and the absorbance was measured at 570 nm using a plate 215 

reader (++Asys Expert Plus Micropetal Reader, Biochrom, USA). Cells without treatment 216 

were used as a control for 100 % cell viability. Each group included quadruplicate assays to 217 

confirm the results. The 50% inhibitory concentration (IC50) was determined using sigmoidal 218 

regression [27].  219 

 220 

Statistical Analysis 221 

Statistical analyses were conducted using GraphPad Prism 8.0 software. One-way 222 

ANOVA followed by Tukey's multiple comparisons test or two-way ANOVA followed by 223 

Sidak's post hoc test, as outlined in the Figure legends, were used to determine statistical 224 
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significance. A p value of less than 0.05 was considered significant. All data are presented as 225 

mean ± SD from a minimum of three replicates. 226 

 227 

Results and Discussion 228 

Characterization of M. piperita leaf and extract 229 

Acknowledging that phenolic compositions are produced by primary and secondary 230 

metabolites in plants, it is widely recognized that various factors like soil types, climate 231 

conditions, environmental stress, and biomass can significantly influence the composition of 232 

flavonoids in plant extracts. Despite these variations, the primary components typically remain 233 

present, albeit in differing concentrations
 

[15,23]. As explored in various studies and 234 

considering samples from different global locations, the predominant polyphenolic 235 

compounds found in peppermint (dried leaves) predominantly include eriocitrin, luteolin, and 236 

derivatives of rosmarinic acid [15,23]. Fecka and Turek noted that peppermint leaves contain 237 

substantial amounts of caffeic acid derivatives, with levels reaching up to 30.6 mg/g and an 238 

average of 13.1 mg/g. Complementary, eriocitrin accounts for 77% of the total flavonoids and 239 

66% of the overall polyphenolic content in peppermint, based on average values from 240 

standard peppermint samples [28]. With a comprehensive background from literature on the 241 

complete characterization of peppermint, the evaluation of functional groups, 242 

thermogravimetric degradation, and antioxidant activity was performed as a preliminary step 243 

for phytosynthesis. [28,29].  244 

The FTIR spectroscopy was employed to recognize the functional groups present in 245 

the M. piperita dried leaves (Erreur ! Source du renvoi introuvable.A). The peaks at 3299 246 

and 2922 cm
−1

 are attributed to the O-H, and C-H stretching, respectively. The peaks at 1583 247 

cm
−1

 and 1496 cm
−1

 are attributed to C = O, while 1420 cm
−1

 is assigned to C-H deformation. 248 

Peaks at 1264 cm
−1

 and 1028 cm
−1

 are attributed to C-O stretching
 
[30,31], indicating the 249 

presence of functional groups found in phytochemicals.  250 

For TGA, as reported by Carballo and coworkers for complex residual organic 251 

materials, the initial temperature range, spanning from 20 to 200°C, is marked by the 252 

evaporation of residual moisture, often water. Between 200 and 400°C is attributed to the 253 

burning of carbohydrates and the breakdown of less dense lignin structures. The fourth region 254 

between 400 and 550°C relates to the breakdown of stable aromatic and polynuclear 255 
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compounds with high molecular weights. Beyond 550°C suggests the oxidation of stubborn 256 

carbon, alongside the decomposition of both mineral and biogenic salts, including carbonates 257 

[32]. In general, organic materials decompose into ash, biogenic salts and volatile molecules. 258 

As seen in Erreur ! Source du renvoi introuvable.B, the dried leaf analysis showed a 259 

complex event at the second step. At first, the 11% of water at 175°C, and a second event with 260 

a 63.3% englobing since the breakdown of less dense lignin until ashes and salt; similar 261 

results are reported in literature[29]. 262 

After confirming the presence of phytochemicals, the antioxidant analysis of the 263 

extract was conducted. The presence of functional groups such as hydroxyl, carbonyl, and 264 

carboxylic acids contributes significantly to nanoparticle synthesis through a redox 265 

mechanism, driven by their powerful antioxidant activity[16]
 
. Corroborating, the reducing 266 

power of compounds is directly proportional to the antioxidant activity [33–35]. Using the 267 

same extraction condition for the synthesis of ZnO Bio NPs (see Experimental Section), the 268 

antioxidant activity of M. piperita was assessed by DPPH scavenging assay. This approach 269 

induces a reduction in absorbance at 517 nm, indicative of the proton transfer reaction 270 

facilitated by the herbal antioxidant with the DPPH free radical. The process is monitored 271 

through visible spectroscopy until the absorbance reaches a stable level [36]. Figure 1C 272 

illustrates that the antioxidant activity of M. piperita is concentration-dependent, with nearly 273 

80% of the free radicals eliminated at a concentration of 3.13 µg.mL
-1

, highlighting the 274 

efficiency of phytochemicals in biosynthesis [37]. 275 



11 
 

 276 

Figure 1. (A) FTIR spectrum of the M. piperita leaf (B) TGA analysis of M. piperita 277 

dried leaf. (C) DPPH radical scavenging activity of M. piperita extract. 278 

Synthesis and characterization of ZnO Bio NPs and ZnO Chem NPs 279 

The use of M. piperita leaf as source of redox power in NP synthesis is well described 280 

in literature, especially for cooper, silver and gold NPs [21,38–40]. Recently, Lin Loh and 281 

coworkers [18] developed ZnO NPs from M. piperita for photocatalytic performance. Upon 282 

introducing the zinc precursor into a homogeneous peppermint extract solution, zinc cations 283 

form complexes with functional groups, enhancing stability during nucleation and subsequent 284 

NP growth. Consequently, ZnO Bio NPs synthesized in this study demonstrated a distinct 285 

brown-yellowish color, suggesting the presence of phytochemicals from the extract. (Figure 286 

2). 287 

For ZnO Chem NPs synthesis, a low-temperature aqueous synthesis method for high-288 

purity ZnO NPs was chosen over the aqueous precipitation synthesis approach
 
[2,26,41]. Only 289 

adjusting parameters such as temperature, reaction time, pH of the solution, and the 290 

concentration of reagents, it is possible to control the size, shape, and morphology of the ZnO 291 

NPs
 
[26,41].  292 
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Table 1 shows the average hydrodynamic size, polydispersity index (PDI), and zeta 293 

potential (ξ) for ZnO Bio NPs, ZnO Chem NPs and ZnO Commercial NPs. Alike other 294 

biogenic NPs, similar results have been reported for PDI, and zeta potential for biogenic 295 

synthesis [42,43]. These results indicate that ZnO Bio NPs synthesized with M. piperita are in 296 

the nanoscale-sized with moderate-to-good dispersion, displaying homogeneous size 297 

distribution in aqueous media, and a negative surface charge due to the presence of complex 298 

organic groups in ZnO Bio NPs [44] , as found in similar NPs [42,43]. For ZnO Chem NPs, 299 

average hydrodynamic size, polydispersity index, and ξ results represented in Table 1, 300 

respectively, also agreeing with the literature [41,45–48]. Surprisingly, ZnO Commercial NPs 301 

showed a hydrodynamic size, PDI and ξ as similar as ZnO Bio NPs. 302 

 303 

Table 1. Hydrodynamic size, zeta potential (ξ) polydispersity index (PDI), crystalline 304 

index (CI), crystallite size, zinc percentage (w/w%) of each nanoparticle studied using a 305 

concentration of 0.1 mg mL
-1

 in ultrapure water. 306 

Nanoparticle 

Hydrodynamic 

Size
a
 

(d. nm) 

ξ
 a

 

(mV) 
PDI

a
 CI 

b
 

Crystallite 

size
b
 

(nm) 

Zn w/w 

% 

ZnO Bio 

NPs 
171 ± 5 

-18.6 ± 

0.2 

0.220 ± 

0.010 
23.1% 

19.14 ± 

0.83 
29.8±0.2

c
 

ZnO Chem 

NPs 
105 ± 4 

18.6 ± 

0.3 

0.111 ± 

0.020 
53.5% 

24.31± 

6.44 
69.9±0.3

c
 

ZnO 

commercial 

NPs 

165 ± 24 
-22 ± 

0.5 

0.285 ± 

0.010 
nd nd 

79.1 - 

81.5
 d
 

a 
Dynamic Light Scattering data; Size reported by number and average from mainly peak; 307 

b 
Values estimated using X-ray Diffraction Spectrum of synthesized nanoparticle; 308 

c 
Values estimated using Inductively Coupled Plasma Optical Emission Spectroscopy data 309 

(Figure S1and Table S1 in Supporting Information). It involved suspending NPs in water, 310 

digestion with HNO3 and ultrapure water in a microwave-assisted process and measuring the 311 

resultant solution using Qtera software for the quantification of zinc content in the ZnO NPs.   312 

d 
According to reported in Sigma Aldrich Product Specification[49]. 313 

nd- no data available.  314 
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 315 

To assess the crystalline structure of ZnO Bio NPs and ZnO Chem NPs, X-ray 316 

diffraction was conducted. The results are represented in Erreur ! Source du renvoi 317 

introuvable.A. The diffraction patterns displaying peaks for the (100), (002), (101), (102), 318 

(110), (103), (200), (112), and (201) crystallographic planes at specific peak angles align with 319 

the Inorganic Crystal Structure Database ICSD-44477 (ICSD release 2023.2), indicating the 320 

formation of ZnO. The XRD data reveals a greater amorphous content in ZnO Bio NPs, 321 

compared to ZnO Chem NPs, suggesting the presence of capping derived plant extract on the 322 

surface of the NPs. Both ZnO NPs Bio and ZnO NPs Chem display sharp and well-defined 323 

peaks. The crystalline index (CI) showed that the amorphous phase is predominant in ZnO Bio 324 

NPs, as expected by ash residuals, and the ZnO Chem NPs showed a lower CI value compared 325 

to literature [8,50–52]. Gatou and coworkers recently showed the optimized precipitation 326 

synthesis in water for this type of nanoparticle [8]. They verified that for this kind of reaction, 327 

the zinc sulfate is not indicated, and the calcination after the primary drying is necessary for 328 

the obtention of optimal NPs. The Debye-Scherrer formula was applied to calculate the 329 

average crystallite size of both NPs based on the three peaks with the highest intensity. The 330 

calculated average crystallite size is presented in Erreur ! Source du renvoi introuvable.. 331 

Contrary to hydrodynamic size measurements, the crystallite size is found to be smaller, 332 

which is further elucidated through morphological studies.  333 

 334 
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 335 

Figure 2. (A) Schematic representation of ZnO Bio NPs synthesized by M. piperita 336 

extract, showing the main phytochemicals reported in the extract [28]. (B) Hydrodynamic size 337 

distribution of ZnO Bio NPs by DLS measurements. For data about ZnO Chem NPs and ZnO 338 

Commercial NPs see Supporting Information (Figure S2). 339 

 340 

Erreur ! Source du renvoi introuvable.B shows a comparison between the ZnO Bio 341 

NPs, ZnO Chem NPs and the dried leaves using FTIR technique to highlight the possible 342 

presence of phytochemicals in ZnO Bio NPs. The observed peaks in FTIR for ZnO Bio NPs 343 

can be attributed to the presence of phytochemicals, such as glycosides, flavonoids, 344 

polyphenols, terpenoids, tannins, carbohydrates, and other reducing sugars [28]. These 345 

phytochemicals function as possibly capping agents, since the dried leaves had the same 346 

fashion. The ZnO Chem NPs presented the same 3299 cm
−1

 and 2922 cm
−1

 peaks attributed to 347 

the OH groups on the surface of ZnO. 348 

Erreur ! Source du renvoi introuvable.C displays the TGA curves obtained for the 349 

synthesized NPs and the peppermint dry leaf. For ZnO Chem NPs (Erreur ! Source du 350 

renvoi introuvable.C), the weight loss was minimum, as expected for pristine NPs [53,54]. 351 
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However, the peppermint related samples showed a complex TGA events. ZnO Bio NPs 352 

exhibit three major weight loss ranges. The initial mass loss of 8.5% occurs around 77 °C, 353 

attributed to the evaporation of adsorbed water [55]. The second weight loss of 22.5% is found 354 

in the range of 455°C and it is attributed to the thermal degradation of phytochemical 355 

compounds on the surface of ZnO Bio NPs, such as carbohydrates, stable aromatic and 356 

polynuclear compounds with high molecular weights. Between 455° C and 806° C, it is 357 

suggested that the weight loss of approximately 30.5 % and residual of 38.7% is due to the 358 

thermal degradation carbon, salt and ZnO core part [32]. It can be inferred that the final 359 

residual at 1000°C can be correlated with the inorganic portion of ZnO in the NPs, near ICP-360 

OES Zn mass% determination (Erreur ! Source du renvoi introuvable., see Experimental 361 

Section). TGA data revealed the presence of 53 % of biogenic components (phytochemicals) 362 

on the surface of ZnO Bio NPs, as depicted in Erreur ! Source du renvoi introuvable.C, 363 

with 8.5% as water portion and 38.5% of inorganic content. 364 

 365 

Figure 3. Characterization of ZnO Bio NPs, ZnO Chem NPs. (A) XRD spectra set of 366 

ZnO Bio NPs (blue), ZnO Chem NPs (black) and standard ZnO reference from ICSD-44477 367 

(red, ICSD Release 2023.2); (B) FTIR spectra set of the ZnO Bio NPs (blue), ZnO Chem NPs 368 
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(black), and M. piperita dried leaf (green) (C) TGA analysis of ZnO Bio NPs (blue), ZnO 369 

Chem NPs (black), and M. piperita dried leaf (green) and zinc acetate dihydrate (grey); (D) 370 

Schematic representation of ZnO Bio NPs. For complete analysis, see Supporting Information 371 

(Figures S3 to S7). 372 

The morphological analysis, based on HRTEM, showed that ZnO Bio NPs have a 373 

petal-like shape as shown in Erreur ! Source du renvoi introuvable. A-D. Similarly, ZnO 374 

Chem NPs were observed to have petal-like structures, associated with larger sizes, as detailed 375 

in Erreur ! Source du renvoi introuvable. E-H. These characteristics are consistent with the 376 

crystallite size data in Erreur ! Source du renvoi introuvable., which is reflected in the 377 

higher standard deviation reported. Pourrahimi et al.[41] highlighted that the utilization of 378 

diverse zinc salts significantly influences the dimensions of the resulting petal-like structures 379 

in water-based synthesis processes, as presented in this work. Specifically, the choice of salt 380 

plays a critical role in determining these dimensions. When using zinc sulfate, as precursor in 381 

the synthesis, as in ZnO Chem NP, the resulting petal-like sizes are generally larger compared 382 

to those produced with zinc acetate (ZnO Bio NPs). This distinction underscores the 383 

importance of salt selection in controlling the physical characteristics of the synthesized 384 

materials, particularly in terms of their size and morphology
 
[41]. Complementary, the 385 

estimated interplanar space was calculated for ZnO Chem NPs with  0.294 nm, in accordance 386 

with the literature
 
[8,56,57]. The ZnO Commercial NPs presented larger petals, as expected 387 

from Sigma- Aldrich (Figure S5). The surface morphology for ZnO Bio NPs and ZnO Chem 388 

NPs were also analyzed by AFM. For ZnO Chem NPs, the petal shape was confirmed, as 389 

presented in HRTEM images. In the 3-dimensional topography map, it was possible to 390 

identity the petals stacked forming an agglomerate Erreur ! Source du renvoi 391 

introuvable.G. Interestingly, the ZnO Bio NPs presented organized structure into 3-392 

dimensional spherical formations, as observed in Erreur ! Source du renvoi introuvable.H. 393 

For this work, samples were dispersed in isopropyl alcohol for HRTEM, whereas in AFM the 394 

sample is prepared in water. Organic solvents could remove the capping, which, therefore, 395 

leads to the loss of spherical agglomeration.  396 



17 
 

 397 

Figure 4. Representative HRTEM images of ZnO Bio NPs (A, B, C, and D) and ZnO 398 

Chem NPs (E, F, G, H). Yellow arrows show representative size of petal-like nanoparticles. 399 

Yellow square shows the representative Interplanar Spacing (d = 0.294 nm). 400 

 401 

Figure 5. Representative AFM images of ZnO Bio NPs (A, B, C, G) and ZnO Chem NPs (D, 402 

E, F and H). 403 

 404 

 405 

Antioxidant activity of ZnO Bio NPs, ZnO Chem NPs and ZnO Commercial NPs 406 

Figure 6 illustrates the antioxidant activity of all ZnO NPs, expressed as the percentage 407 

of DPPH radical scavenging after incubation with different ZnO NP concentrations. The 408 
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results reveal a concentration-dependent free radical elimination, with ZnO Bio NPs 409 

exhibiting significantly higher antioxidant activity compared to ZnO Chem NPs and ZnO 410 

Commercial NPs. 411 

At a concentration of 15.63 µg·mL⁻ ¹, ZnO Bio NPs displayed approximately 52% 412 

greater antioxidant activity than ZnO Commercial NPs. Additionally, ZnO Bio NPs 413 

maintained the highest antioxidant activity across all tested concentrations, supporting the 414 

hypothesis that their enhanced radical scavenging ability is primarily due to the incorporation 415 

of phytochemicals from Mentha piperita extract on their surface. These organic compounds 416 

act as capping agents, enhancing stability and bioactivity, which are crucial for biomedical 417 

applications. 418 

A comparison with Boppudi et al. [58] further highlights the superior antioxidant 419 

performance of ZnO Bio NPs. Their study on chemically synthesized ZnO NPs reported 420 

approximately 25% inhibition at a higher concentration of 25 µg·mL⁻ ¹. In contrast, our ZnO 421 

Chem NPs exhibited only 13% inhibition at 15.63 µg·mL⁻ ¹, a value similar to that of ZnO 422 

Commercial NPs. This suggests that conventional synthesis methods produce ZnO NPs with 423 

lower antioxidant efficiency, likely due to the absence of bioactive organic compounds on 424 

their surface.. Furthermore, our findings align with Muthuvel et al. [59], who demonstrated 425 

that biosynthesized ZnO NPs using Solanum nigrum extract exhibited a dose-dependent 426 

antioxidant response, reaching up to 94% scavenging activity at 500 µg·mL⁻ ¹. In contrast, 427 

their chemically synthesized ZnO NPs achieved only 60% inhibition at the same 428 

concentration. These results further reinforce that biosynthesized ZnO NPs possess superior 429 

antioxidant potential compared to chemically synthesized ones, owing to the presence of 430 

phytochemicals that enhance free radical scavenging..  431 

The notably high antioxidant activity of ZnO Bio NPs underscores their strong 432 

potential for biomedical applications, particularly in therapeutic settings where oxidative 433 

stress plays a pivotal role. This enhanced performance is primarily attributed to 434 

phytochemicals serving as capping agents, which not only stabilize the nanoparticles but also 435 

introduce bioactive functionalities beneficial for medical applications [60]. 436 

Given these findings, ZnO Bio NPs emerge as particularly promising candidates for 437 

biomedical applications, including neurodegenerative diseases, wound healing, and cancer 438 

therapy, where oxidative stress plays a crucial role. Their dual functionality—providing 439 
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stability while amplifying therapeutic effects—positions them as superior alternatives to 440 

chemically synthesized ZnO NPs in oxidative stress-related treatments. 441 

These results further emphasize the importance of green synthesis approaches, not only 442 

for their environmental sustainability but also for their ability to enhance the functional 443 

properties of ZnO NPs, making them more effective for biomedical applications than their 444 

chemically synthesized counterparts. 445 

 446 
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Figure 6.  DPPH radical scavenging activity of ZnO Commercial NPs (blue bar), ZnO 448 

Chem NPs (black bar), and ZnO Bio NPs (green bar). Asterisks indicate significant statistical 449 

differences, where **** p < 0.0001.** p<0.0067, * p<0.0153. 450 

 451 

Biocompatibility analysis: hemolysis and cytotoxicity of ZnO Bio NPs, ZnO Chem 452 

NPs and ZnO Commercial NPs 453 

The investigation delved into the hemolytic effects of ZnO Commercial NPs, ZnO Bio 454 

NPs, and ZnO Chem NPs shedding light on their interaction with plasma proteins and 455 

subsequent hemolytic activity. Firstly, the results about hemolysis and cytotoxicity against 456 

FN1 are presented in Erreur ! Source du renvoi introuvable. and Erreur ! Source du 457 

renvoi introuvable..  The hemolysis assay results indicate that ZnO Bio NPs exhibited the 458 

lowest hemolytic activity (1.5 ± 0.2%), whereas ZnO Commercial NPs (2.4 ± 0.3%) and ZnO 459 

Chem NPs (2.3 ± 0.5%) displayed slightly higher hemolytic effects for 10ug/mL. Despite 460 

these values being below the general toxicity threshold of 3%, the reduced hemolysis 461 
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observed for ZnO Bio NPs suggests improved biocompatibility, likely attributed to the 462 

presence of phytochemicals acting as stabilizing and protective agents on the nanoparticle 463 

surface. Comparing these findings with existing literature, ZnO NPs synthesized using Gallic 464 

acid from Phyllanthus emblica demonstrated hemolysis within the 3% toxicity limit, aligning 465 

with the biocompatibility observed in ZnO Bio NPs [61]. Additionally, ZnO NPs derived from 466 

Cynara scolymus leaves showed a remarkably low 0.5% hemolysis at 100 µg/mL, suggesting 467 

an even lower impact on red blood cells compared to the current study [62]. Similarly, ZnO 468 

NPs synthesized from Grewia flavescens also demonstrated excellent hemocompatibility, 469 

reinforcing the trend that green-synthesized ZnO NPs tend to induce lower hemolysis than 470 

their chemically synthesized counterparts [63].These comparisons further emphasize the 471 

potential of ZnO Bio NPs as a safer alternative for biomedical applications, particularly in 472 

drug delivery and intravenous formulations where hemocompatibility is crucial. The presence 473 

of bioactive compounds from Mentha piperita in ZnO Bio NPs likely contributes to reduced 474 

erythrocyte membrane disruption, making them a more biocompatible alternative to 475 

conventionally synthesized ZnO NPs. 476 

However, the narrative shifts when considering the impact of NP pre-incubation with 477 

proteins, such as albumin or fibrinogen, on hemolysis rates [64]. The discussion regarding the 478 

impact of pre-incubation of the NPs with proteins on hemolysis rates gains further complexity 479 

when considering the phenomenon known as the protein corona and its potential implications 480 

[64]. The formation of the protein corona plays a crucial role in enhancing biocompatibility by 481 

forming a protective layer around the NPs, which limits direct interaction between the NP 482 

surface and blood cell membranes. This reduces the likelihood of causing cellular damage, 483 

especially in the case of ZnO Bio NPs. At the same time, the presence of a protein corona can 484 

enhance the interaction between NPs and blood cells, potentially leading to increased 485 

hemolysis rates, depending on the type of protein involved [65]. Using 10% of these proteins 486 

in human blood real concentration (Erreur ! Source du renvoi introuvable., HSA 3.5 g.L
-1 

487 

[66] and fibrinogen 0.2 g.L
-1 

[67]), the results reveal an increase in hemolysis, particularly 488 

with ZnO Chem NPs. At a concentration of 10 µg.mL
-1

 of ZnO Chem NPs, hemolysis rates 489 

rise to approximately 7%, surpassing the acceptable threshold set by ISO10993-4 standards 490 

[68]. While ZnO Bio NPs and ZnO Commercial NPs variants exhibit lower hemolysis rates 491 

under the same conditions, they still breach the 5 % mark, albeit to a lesser extent.  492 

According to literature, albumin, the main transport protein in the bloodstream, is 493 

essential for transporting various drugs. Albumin is also identified as the major transport 494 
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protein for zinc in plasma, binding the majority of plasma zinc and facilitating its systemic 495 

distribution [69]. The findings suggest that the protective effect of albumin may result from 496 

the high affinity of ZnO NPs for albumin, which forms a corona around the NP, thereby 497 

reducing its direct interaction with cellular membranes. Studies have shown that ZnO NPs 498 

interact with albumin to form an albumin-ZnO complex, which alters the conformation of 499 

albumin and can increase hemolysis due to changes in protein structure and subsequent 500 

interactions with cell membranes [70,71]. Nevertheless, for fibrinogen, Mitjans and coworkers 501 

showed that despite being present in lower concentrations in plasma compared to albumin, 502 

fibrinogen is found in greater amounts on the ZnO NPs, indicating its preferential adsorption 503 

[71]. Given the preferential interaction with fibrinogen, the hemolytic effect decreased for all 504 

nanoparticles (Table 2), particularly for ZnO Bio NPs, suggesting a unique stabilization effect 505 

provided by fibrinogen adsorption, which can potentially mitigate the cytotoxic impacts. This 506 

preferential adsorption of fibrinogen to the ZnO Bio NPs, instead of interacting aggressively 507 

with blood cell membranes, indicates their superior biocompatibility, making them more 508 

suitable for potential clinical applications. 509 

The cytotoxicity assay was performed using the MTT method to evaluate the toxicity 510 

of ZnO Commercial NPs, ZnO Bio NPs, and ZnO Chem NPs against FN1 fibroblast cells. 511 

Following the hemocompatibility assay, FN1 cells were exposed to increasing concentrations 512 

(10 to 100 µg·mL⁻ ¹) of ZnO NPs for 24 hours to assess cell viability. As shown in Figure 7 513 

and Table 2, all ZnO NPs exhibited a dose-dependent cytotoxic effect, leading to reduced cell 514 

viability as the concentration increased. 515 

Notably, ZnO Bio NPs demonstrated the highest biocompatibility, with an IC₅ ₀  516 

value of 49.91 µg·mL⁻ ¹, significantly higher than ZnO Chem NPs (19.81 µg·mL⁻ ¹) and ZnO 517 

Commercial NPs (16.35 µg·mL⁻ ¹). These findings suggest that the phytochemicals present in 518 

ZnO Bio NPs confer a protective effect, reducing their cytotoxicity compared to chemically 519 

synthesized nanoparticles. 520 

 Dinga et al. [72] evaluated the cytotoxicity of ZnO NPs synthesized using Melia 521 

azedarach seed extract against HepG2 cells, further supports the lower toxicity of 522 

biosynthesized ZnO NPs. Their study reported an IC₅ ₀  of 27.6 µg·mL⁻ ¹ for green-523 

synthesized ZnO NPs, which is intermediate between our ZnO Bio NPs and the ZnO Chem 524 

NPs.  525 

For normal cell cytotoxicity, El-Belely et al [73] reported an IC50 of 53.34 µg/mL for 526 

normal WI38 cells, suggesting a similar cytotoxic effect to normal fibroblasts. This trend 527 
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aligns with findings from Maheswaran et al. [74], where green-synthesized ZnO NPs using 528 

Musa acuminata extract exhibited an IC50 of 78.4 µg·mL⁻ ¹ on Vero cells, significantly 529 

higher than their chemically synthesized counterparts (IC50 = 31.2 µg·mL⁻ ¹). Similarly, 530 

Shaban et al.  [75]reported that ZnO NPs synthesized from pomegranate peel extract 531 

displayed an IC50 of 240 µg·mL⁻ ¹ further supporting the protective effects of bioactive 532 

compounds in green synthesis. 533 

These findings highlight a common trend in biosynthesized ZnO NPs—reduced 534 

toxicity toward normal cell. This is likely attributed to the presence of bioactive compounds 535 

from Mentha piperita, which act as stabilizing and capping agents, mitigating oxidative stress 536 

in healthy cells. The superior biocompatibility observed in ZnO Bio NPs suggests their 537 

potential for biomedical applications, particularly in areas where reduced cytotoxicity is 538 

essential, such as drug delivery, wound healing, and antioxidant therapies.  539 

 540 
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 541 

 542 

Figure 7. (A) Hemolytic activity of ZnO Commercial NPs (blue bar), ZnO Chem NPs 543 

(black bar), ZnO Bio NPs (green bar) at different concentrations at room temperature. Positive 544 

control: H2O. Negative control: 0.9%NaCl. The data is expressed as the mean ± standard 545 

deviation of three replicates. ANOVA Two way with Tukey's post hoc test. Asterisks indicate 546 

significant statistical differences, where **** p < 0.0001.** p=0.0017, * p=0.0174. (B) 547 

Cytotoxicity assay of FN1 cells treated with different nanoparticles at different concentrations; 548 

ZnO Commercial NPs (blue bar), ZnO Chem NPs (black bar), and ZnO Bio NPs (green bar).  549 

Positive control: 5% DMSO. Negative control: H2O. The data is expressed as the mean ± 550 

standard deviation of ten replicates. ANOVA Two way with Tukey's post hoc test. Asterisks 551 

indicate significant statistical differences, where *p<0.05, **p<0.01***, p = 0.0001 and **** 552 

p < 0.0001. 553 

  554 

Table 2. Hemolysis activity of 10 µg.mL
-1

 of each NP with and without 1h of pre-555 

incubation at 37°C with Human Serum Albumin (HSA) and fibrinogen. IC50 against FN1 cell 556 

lines treated with ZnO Commercial, ZnO Chem, and ZnO Bio NPs after 24 h. 557 

 
Hemolysis in 0.9% NaCl with Nanoparticle at 10 

µg.mL
-1

 

Cytotoxicity 

against FN1 

 
Without 

pre-incubation 

HSA 3.5g.L
-1 

pre-incubation 

Fibrinogen 

0.2g.L
-1

 

pre-incubation 

IC50 

(µg.mL
-1

) 

ZnO Commercial 

NPs 
2.4± 0.3 7.7±0.8 5.1±0.8 16.35 

ZnO Bio NPs 1.5±0.2 5.0±0.8 3.2±0.5 19.81 

ZnO Chem NPs 2.3±0.5 6.8±0.6 4.9±1.1 49.91 

 558 

Conclusions 559 

ZnO NPs were successfully synthesized by phytosynthesis using M. piperita extract as 560 

reducing and capping agent. Both ZnO Bio NPs and ZnO Chem NPs were characterized by 561 

FTIR, DLS, HTEM, XRD, and TGA analysis. FTIR confirmed the presence of organic 562 
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compounds from the M. piperita extract in the ZnO Bio NPs. The ZnO Bio NPs displayed 563 

impressive antioxidant activity, with approximately 52% inhibition of DPPH radicals at a 564 

concentration of 15.63 µg.mL
-1

, surpassing the performance of commercially available ZnO 565 

NPs. 566 

The biological compatibility of the NPs was assessed through hemolysis and 567 

cytotoxicity assays. In studies involving the interaction with blood, ZnO Bio NPs displayed 568 

minimal hemolytic activity (1.5%) compared to ZnO Chem NPs (2.7%) and ZnO Commercial 569 

NPs (3.2%). These results underscore the enhanced hemocompatibility of ZnO Bio NPs, 570 

attributed to the presence of phytochemicals that act as a protective layer, reducing 571 

interactions with blood cells. Furthermore, in cytotoxicity assays, ZnO Bio NPs exhibited 572 

higher IC50 values (49.91 µg.mL
-1

), demonstrating less cytotoxicity towards fibroblast cells 573 

(FN1) when compared to ZnO Chem NPs and ZnO Commercial NPs. This highlights the 574 

potential of ZnO Bio NPs as a safer alternative for biomedical applications. 575 

These findings validate the hypothesis that ZnO Bio NPs synthesized using M. piperita 576 

extract exhibit superior biocompatibility and antioxidant activity compared to ZnO Chem NPs 577 

and ZnO Commercial NPs. The utilization of phytochemicals in peppermint not only enhances 578 

the therapeutic efficacy of ZnO NPs but also aligns with green chemistry principles, 579 

minimizing environmental impact and contributing to sustainable bionanotechnology. Our 580 

findings provide valuable insights into the potential advantages of green synthesis methods 581 

using peppermint extract, contributing to the development of biocompatible NPs with 582 

enhanced therapeutic potential for applications in nanomedicine. 583 
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