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Abstract: This study attempts to evaluate the antimicrobial activity and the ecotoxicity of 

quantum dots (QDs) alone and coated with indolicidin. To meet this objective, we tested the 

level of antimicrobial activity on Gram-positive and Gram-negative bacteria, and we designed 

an ecotoxicological battery of test systems and indicators able to detect different effects using 

a variety of end points. The antibacterial activity was analyzed against Staphylococcus aureus 

(ATCC 6538), Pseudomonas aeruginosa (ATCC 1025), Escherichia coli (ATCC 11229), and 

Klebsiella pneumoniae (ATCC 10031), and the results showed an improved germicidal action 

of QDs-Ind. Toxicity studies on Daphnia magna indicated a decrease in toxicity for QDs-Ind 

compared to QDs alone, lack of bioluminescence inhibition on Vibrio fisheri, and no mutations in 

Salmonella typhimurium TA 100. The comet assay and oxidative stress experiments performed on 

D. magna showed a genotoxic and an oxidative damage with a dose–response trend. Indolicidin 

retained its activity when bound to QDs. We observed an enhanced activity for QDs-Ind. The 

presence of indolicidin on the surface of QDs was able to decrease its QDs toxicity.

Keywords: peptide, quantum dots, ecotoxicity, antimicrobial activity, oxidative stress, 

genotoxicity

Introduction
Toxicity of manufactured nanoparticles (NPs) to organisms is a subject of great interest 

due to their increasing use in commercial products and their potential environmen-

tal release, which determine their interaction, bioaccumulation, or transfer to the 

environment.1–5 The toxicity of NPs is theoretically expected to be different from that 

of traditional materials because of their extremely small size and high surface–volume 

ratio, and thus raises many concerns about the potential risks of human exposure. The 

NPs toxicity to organisms might be attributed to three main causes, namely, the pres-

ence of NPs, the release of soluble ions, and the generation of free radicals. In fact, 

some studies have shown that NPs’ toxicity is mainly caused by the release of soluble 

ions,6 while other studies showed that NPs have the ability to penetrate into cells and 

migrate to various organs and tissues, causing damage by interacting with functional 

biomolecular structures; therefore, the toxicity cannot simply be attributed to the dis-

solved ions.7 Many studies have also showed that NPs could penetrate into the cell and 

interact with DNA, inducing both DNA damage and chromosome mutations. Given this 

heterogeneity, regulation will be difficult; nonetheless, the diversity of NPs requires 

a better understanding of the fundamental processes that affect their interactions with 

aquatic organisms resulting in toxicity.
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Quantum dots (QDs) are a unique class of semiconductors 

that contain a metallic core (usually Cd-based) with a nano-

meter diameter (1–10 nm). The surface of the QD is usually 

coated with different molecules to protect the core from the 

oxidation and other degradation processes that could release 

Cd ions into the medium and to achieve specific activities. 

QDs are among the most exploited NPs showing great prom-

ise in nanomedicine for labeling of cellular proteins, cellular 

imaging, real-time tracking, in vivo animal imaging, and 

cancer applications;8–11 moreover, QDs can be conjugated 

to bioactive molecules to target specific biological events. 

Their wide applicability is correlated to their exceptional 

optical and electronic properties, which provide significant 

advantages over traditional fluorescent organic dyes owing 

to their strong fluorescence at narrow and size-timeble 

wavelengths, resistance to photobleaching, and electronic 

and catalytic properties. Although the applications for QDs 

are rapidly increasing, little is known about the health risks 

from exposure to these NPs. In fact, their greater diffusion 

in the environment has led to alarming concerns about their 

potential long-term toxicity,12,13 which may also generate 

genotoxic and epigenetic events, chromosome abnormalities, 

and cellular damage.14

Literature data concerning their toxicity are rather con-

flicting because of 1) differences in physicochemical proper-

ties of each individual type of QDs (such as composition, size, 

surface charge, and functionalization), 2) lack of toxicology-

based studies, and 3) variety of concentration tested.15

Moreover, only a few studies have addressed the ecotoxi-

cological effects of QDs in algae,16 mussels,17 crustaceans,18 

and fish.19 The existence of diverse types of QDs presents a 

further challenge for toxicological evaluation because each 

individual type presents unique physicochemical proper-

ties, which will dominate its interactions with the biological 

system. Consequently, for each QD, it is necessary to evaluate 

the biological effects on different organisms and possible 

mechanisms of interactions.

Previous studies showed that QDs’ toxicity is correlated to 

the leakage of heavy metals ions,20 the enhancement of reactive 

oxygen species (ROS) levels,21 and other causes.22 Several 

studies have evidenced the toxicity in several cellular models. 

Pace et al23 showed that QDs with thiol stabilizer induced tox-

icity in Daphnia magna due to the release of Cd ions. Contra-

dictory results obtained from Priester et al24 demonstrated that 

QDs themselves were more toxic to planktonic Pseudomonas 

aeruginosa than Cd ions, suggesting that the release of ions is 

not an exclusive factor. Moreover, physiochemical properties 

of QDs such as chemical composition, size, surface charge, 

and surface coating led to toxicity.25 The stability of QDs is 

another key factor to their toxicity. Mahendra et al26 found 

that QDs were potentially safe materials at near-neutral pH 

but exerted toxicity under acid and alkaline conditions. This 

was proven to be due to the weathering effect in extreme 

condition that destabilized QDs followed by release of the 

Cd and selenite ions rapidly.

In addition, Wahab et al27,28 showed the influence of pH, 

temperature, and concentration on ZnO NPs’ antibacterial 

properties, which may be correlated to the small pores on bac-

terial cell wall that facilitate NP penetration and also the pro-

duction of ROS and reduced cellular antioxidant capacity.

Recently, great efforts have been devoted to the develop-

ment of more complex QDs with different ligands on their 

surface; these ligands change the surface properties of the NPs 

and, as a consequence, change their interactions with the envi-

ronment. the impact on toxicity of the coating of QDs has been 

minimally explored. In particular, the coating can promote 

or prevent aggregation according to the surface charge and 

increase or decrease their uptake; it may provide protection 

to test organisms during aqueous toxicity tests, even though 

QDs exposed to environmental factors, such as photolysis 

or oxidation, may lose their protective organic coatings and 

expose their metal core to aqueous organisms.29,30

In the era of increasing resistance to antibiotics, there 

is considerable interest in the use of NPs as effective anti-

microbial agents and/or to enhance the activity of existing 

molecules.31–35 QDs and other NPs (Ag and Au) are effective 

antimicrobial agents36 as previously reported; in particular, 

QDs can generate ROS, which is responsible for microbial 

cell death.37 The mechanism of the interaction between NPs 

and bacteria is not well studied. Dwivedi et al38 reported that 

ZnO NPs exhibit significant inhibitory activity on bacteria 

and biofilm formation. NPs act as a potential antimicrobial 

agent and effectively control biofilm formation by affecting 

bacterial growth in a dose-dependent manner.38 Moreover, the 

aim of many research groups is to use antimicrobial peptides 

conjugated to NPs to enhance their activity. Rocephin is an 

antibiotic that was conjugated to QDs, providing enhanced 

antimicrobial activity.39 Furthermore, obtaining a nanosystem 

with enhanced antibacterial activity has to be correlated to 

the evaluation of risks to human health and the environment 

under changed conditions.

To establish if the antimicrobial activity of QDs is 

enhanced by the functionalization with the antimicrobial 

peptide indolicidin,33 we evaluated the antibacterial activity 

of QDs and quantum dots-indolicidin (QDs-Ind) against 

Staphylococcus aureus (ATCC 6538), Pseudomonas 
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aeruginosa (ATCC 1025), Escherichia coli (ATCC 11229), 

and Klebsiella pneumoniae (ATCC 10031).

The freshwater planktonic microcrustaceans D. magna 

are cosmopolitan and a keystone species in freshwater food 

chains and food web, and they are also an excellent bioindica-

tor species for use in environmental monitoring of pollutants; 

thus, they are routinely employed as a model organism 

in toxicology, ecology, ecotoxicology, and evolutionary 

biology.40 They are more sensitive to NPs compared to other 

forms of aquatic life; this may be due to increased oral expo-

sure from filter feeding. To better understand and to compare 

the biological effects of QDs and QDs-Ind, we used two 

different characterization tests performed on D. magna and 

Vibrio fisheri to obtain further insights into their behavior in 

aquatic systems. Salmonella typhimurium mutagenicity test 

that allows the detection of point mutations in prokaryotic 

organisms, the comet assay, and ROS detection in D. magna 

were performed to evaluate genotoxicity and oxidative stress. 

Thus, this study attempts to evaluate the ecotoxicity of QDs 

alone and coated with an antibacterial peptide.

Material and methods
Materials
Fluorenylmethoxycarbonyl-protected amino acid derivatives, 

coupling reagents, and Rink amide p-methylbenzhydrylamine 

resin were purchased from Calbiochem-Novabiochem 

(Laufelfingen, Switzerland). Other chemicals were purchased 

from Sigma–Aldrich, Fluka (Buchs, Switzerland), or Lab-

Scan (Stillorgan, Ireland) and were used as received, unless 

otherwise stated. Amine-functionalized QDs were purchased 

from Evident Technologies.

Peptide synthesis
Indolicidin (Ac-NH-ILPWKWPWWPWRR-COOH) 

was synthesized using the standard solid-phase 

9-fluorenylmethoxycarbonyl method as previously reported41 

on a scale of 100 μmol. Briefly, peptides were obtained 

using a Wang (0.58 mmol/g) resin by consecutive deprotec-

tion (30% piperidine) and coupling (2 equivalents of amino 

acid, 2 equivalents of HOBT/HBTU, and 4 equivalents of 

DIPEA). Peptides were fully deprotected and cleaved from 

the resin with trifluoroacetic acid (TFA)/5% thioanisole/3% 

ethandithiol/2% anisole as scavengers; for 90 minutes. The 

crude peptide was purified by RP-HPLC on an LC8 Shimadzu 

high-performance liquid chromatography system (Shimadzu 

Corporation, Kyoto, Japan) equipped with a UV lambda-

Max Model 481 detector using a Phenomenex (Torrance, 

CA, USA) C
18

 column eluted with H
2
O/0.1% TFA (A) and 

CH
3
CN/0.1% TFA (B) from 20% to 80% over 20 minutes at 

a flow rate of 20 mL/min. Purity and identity were assessed 

by analytical liquid chromatography–mass spectrometry 

analyses by using Finnigan Surveyor MSQ single quadrupole 

electrospray ionization (Finnigan/Thermo Electron Corpora-

tion San Jose, CA, USA), column: C
18

-Phenomenex eluted 

with H
2
O/0.1% TFA (A) and CH

3
CN/0.1% TFA (B) from 

20% to 80% over 10 minutes at a flow rate of 0.8 mL/min. 

The purified peptide (purity higher than 98%) was obtained 

with good yields (50%–60%).

Functionalization of QDs
A solution of peptide, 1-ethyl-3(3-dimethylamino-propyl)-

carbodiimide, hydrochloride, and N-hydroxysuccinimide 

(in molar ratio of 4:4:1) was prepared in phosphate-buffered 

saline at pH 7.4; and was left to react for 30 min. QDs were 

conjugated with the preactivated peptide, in MES buffer at 

pH 5.5 for 3 hours. The obtained QDs-Ind was purified by 

gel filtration chromatography (Sephadex G50 columns) to 

eliminate any free indolicidin. The unconjugated peptide 

was quantified by exploiting the UV absorbance property 

of the tryptophan residues. The fluorescence spectra of 

peptide-QDs and unconjugated QDs were measured in a 

Cary Eclipse Varian fluorescence spectrophotometer at the 

same conditions to check the QDs concentration. In all the 

reported experiments, we used the same mother solution for 

QDs-Ind: 117 nM in QDs and 500 μM in peptide.

For antimicrobial activity experiments, we reported 

the data as a function of peptide concentration; thus, the 

minimal inhibitory concentration (MIC) and minimum bac-

tericidal concentration (MBC) are reported for the indolicidin 

(eg, when indolicidin is 10 μM, QDs concentration is 2.3 nM). 

For all other studies, we performed the experiments at a QDs 

concentration ranging from 0.1 to 10 nM, which corresponds 

to a peptide concentration ranging from 0.4 to 43 μM.

characterization of QDs and QDs-Ind
To quantify and confirm peptide conjugation to QDs, we per-

formed a UV/vis characterization using a Cary Eclipse Varian 

spectrophotometer. We assessed the absorbance of trypto-

phan residues present in the peptide; the measurement was 

performed over a wavelength range of 800–250 nm. Extinc-

tion coefficient at 280 nm in water was 27,500 M-1⋅cm-1.  

The mother solutions for QDs-Ind (117 nM in QDs and 

500 μM in peptide) and QDs alone (117 nM) were diluted 

20 times to perform UV measurements.

To confirm the UV/vis data, we also performed 

fluorescence measurements using a Cary Eclipse Varian 
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spectrofluorometer. We assessed the emission of tryptophan 

residues present in the peptide; the measurement was per-

formed over a wavelength range of 300–400 nm.

Dynamic light scattering and zeta potential (ZP) mea-

surements were performed on colloidal dispersions using 

a Malvern Nanosizer Nano ZS (Malvern Instruments, 

Worcestershire, UK), with a He–Ne laser 4 mW source 

operating at 633 nm and the scattering angle fixed at 173°. 

The measurements were conducted at 25°C, with a pH 

varying from 2 to 10. All measurements were performed in 

triplicate for each sample.

antimicrobial activity (MIc and MBc 
determination)
The antimicrobial activity of QDs and QDs- Ind was 

examined against the Gram-positive bacteria S. aureus and 

the Gram-negative bacteria E. coli and P. aeruginosa, and 

Klebsiella according to the methods described by the Clini-

cal and Laboratory Standards Institute.42 Briefly, bacterial 

strains were grown for 18–24 hours at 37°C. A suspension 

of colonies was made in Mueller–Hinton broth beginning 

with a 1×108 CFU/mL concentration that was serially 

diluted tenfold until a 1×106 CFU/mL concentration was 

reached. About 50 μL of bacterial suspension was added to 

a 96-microtiter plate containing different concentration of 

QDs and QDs- Ind and incubated for 24 hours at 37°C in 

the presence of 5% CO
2
. The MIC is defined as the lowest 

concentration of peptide that completely inhibits growth. 

MBCs were determined at the end of the incubation period 

by plating 10 μL samples from a well in which there was 

no visible growth. The MBC was defined as the lowest con-

centration of antimicrobial agent that produced the 99.9% 

killing of initial inoculum In accordance with the methods 

outlined by the national committee for clinical laboratory 

standards, 1999. The following methods were used for 

determining bactericidal activity of antimicrobial agents: 

approved guideline M26-A (National Committee for Clinical 

Laboratory Standards, Wayne, PA).

Maintenance of D. magna culture
D. magna was cultured in the laboratory of Environmental 

Toxicology of Federico II of Naples Department of Biology 

for several generations. Daphnids were maintained in 

culture medium M443 under a light:dark photoperiod of 

16:8 hours at 20°C±2°C; they were fed daily with algae 

(Selenastrumcapricornutum). The medium was renewed 

twice a week. Neonates (,24 hours old) were isolated for 

exposures. These juvenile daphnids were used in the study for 

the acute toxicity study, ROS assessment, enzymatic studies, 

mutagenicity study, and genotoxicity assay.

Toxicity tests: D. magna acute test, 
Vibrio fisheri toxicity test
Acute toxicity test was performed to determine the acute 

lethal toxicity of QDs and QDs-Ind on D. magna. Four rep-

licates of five daphnids were exposed to 0.3; 0.6; 1.2; 2.5; 5; 

and 10 nM of QDs and QDs with indolicidin. All details for 

the acute toxicity test using daphnids were in accordance 

with OECD 202.44

Immobilization, which was employed as an end point, 

was detected for 15 seconds after gentle shaking. Water 

quality parameters such as pH, temperature, and dissolved 

oxygen were measured in test media before and after 48 hours 

of exposure. The experiments were performed in triplicate 

to ensure accurate results. Effective concentration at 50% 

(EC50) values and 95% CI were estimated in triplicate to 

ensure accurate results.

Vibrio fischeri (strain NRRL-B-11177) was also used to 

evaluate toxicity after 30-minute exposure of our samples in 

accordance with method ISO 11348-3(2007).

The test evaluates the acute toxicity of a sample using 

the inhibition of the luminescence naturally emitted by the 

bacterium as the end point. The luminescence was measured 

with a Microtox luminometer (Model 500, AZUR Envi-

ronmental) equipped with a cell incubated at 15°C±1°C at 

a wavelength of 490 nm. The drop in light emission was 

measured after a contact time of 30 minutes with the test 

sample, and the temperature during the exposure was 15°C. 

Tests were carried out in triplicate with a control. The data 

were statistically processed by the instrument software and 

the result was expressed as % inhibition (% I).

Salmonella/microsome tests (ames test)
The Ames test was carried out on Salmonella typhimurium 

TA100 strains to assess the induction of mutagenicity in a 

different organism such as bacteria according to Standard 

Methods for the Examination of Water and Wastewater.45 

A range of concentrations from 0.3 to 10 nM of QDs and 

QDs- Ind was tested to highlight the presence of direct and 

indirect point mutations; the corresponding Ind concentra-

tions vary from 0.4 to 43 μM. The TA100 strain responds 

to base-pair substitution mutations.46 The negative control 

was distilled water; the positive control was sodium azide 

for TA100 without S9. All experiments were conducted in 

duplicate and performed twice. The results were expressed 

as mutagenicity ratio and were obtained by dividing the 
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average revertants/plate by the spontaneous mutation rate. 

The results were considered positive if two consecutive dose 

levels of highest nontoxic doses level produced a response at 

least twice that of the solvent control and at least two of these 

consecutive doses showed a dose–response relationship.

comet assay
Genotoxicity is related to an increase of DNA damage as a 

consequence of the treatment with increasing concentrations 

of indolicidin. To evaluate whether QDs and QDs-Ind exerted 

genotoxicity on D. magna, DNA damage and, in particular, 

DNA strand breaks were determined using a Comet assay. 

In fact, in vitro genotoxicity tests have gained increasing 

popularity as a tool supporting environmental risk assessment 

in vivo and in vitro.47–49

To confirm DNA damage, the alkaline comet assay was 

performed on D. magna treated with QDs, indolicidin, and 

QDs- Ind at 0.3, 0.6, 1.2, 2.5, 5, and 10 nM for 48 hours. 

The Comet assay on D. magna was performed according to 

the method previously described.47 The alkaline comet assay 

detects mainly DNA single strand breaks. Treated organ-

isms were suspended in 500 mL of phosphate-buffered saline 

solution containing 20 mM ethylenediaminetetraacetic acid 

(EDTA), and 10% Dimethyl sulfoxide (DMSO), and after 

this they were subjected to mechanic homogenization. The 

resulting solution was filtered (Sigma–Aldrich, 100 mm mesh) 

and transferred into a 1.5 mL Eppendorf tube. About 40 mL 

of the solution was further gently resuspended in 40 mL of 

low melting point agarose (1%) and then transferred onto 

degreased microscope slides, previously dipped in normal 

melting point agarose (1%). After solidification at 4°C for  

5 minutes, a second layer of 80 mL low melting point aga-

rose was added. Slides were placed in a lysis solution (2.5 M  

NaCl, 100 mM EDTA, 10 mM Tris, 1% Triton X-100,  

pH 7.5) overnight at 4°C to digest both the plasma and the nuclear 

membranes. Before electrophoresis, slides were incubated for 

30 minutes in a freshly prepared alkaline buffer (300 mM 

NaOH, 1 mM Na
2
EDTA, disodium salt, pH .13). The slides 

were drained and placed in a horizontal electrophoresis tank in 

the same buffer for 30 minutes by applying an electric field of 

25 V and adjusting the current to 300 mA. Finally, the slides 

were gently washed twice in a neutralization buffer (TrisHCl 

0.4 M, pH 7.5) for 5 minutes to remove alkali and detergent and 

stained with 50 μL DAPI (10 μg/mL) (3 hours).

The slides were examined on a fluorescence micro-

scope (Leica DMLB microscope with digital camera Leica 

DFC340FX, Nussloch, Germany) and images were analyzed 

from each slide considering a minimum of 50 randomly 

selected nuclei. Comet images were captured from the center 

of the slide; overlapping figures were avoided. Quantitative 

assessment of DNA damage in selected nuclei was performed 

using Comet Score 1.5 Image Analysis (TriTek Corpora-

tion, Sumerduck, VA, USA) software, which computes the 

integrated intensity profile for each nucleus.

Detection and quantification of ROS
ROS activity was detected using the general oxidative stress 

cell-permeant 2′,7′dichlorodihydrofluorescein diacetate 

(H
2
DCFDA) dye. This dye passively diffuses into the cells 

and interacts with endogenous esterases, which cleave the 

diacetate groups. A H
2
DCFDA stock solution (25 mM in 

DMSO) was diluted to a final concentration of 10 mM. After 

24 hours of exposure to QDs and indolicidin-QDs, only live 

D. magna were collected for ROS determination. Daphnids 

were transferred in 1 mL of 10 mM H
2
DCFDA for 4 hours at 

20°C in the dark. Fluorescence was monitored on a fluores-

cence spectrophotometer, with an excitation wavelength of 

350 nm and an emission wavelength of 600 nm. The increase 

in fluorescence intensity yielded the ROS quantity.

antioxidant enzyme analysis
After tissue preparation of D. magna, catalase (CAT reduces 

H
2
O

2
 to water) and superoxide dismutase (SOD, converts 

O
2
 to H

2
O

2
) activities were measured in supernatants after 

centrifugation (4°C, 20,800× g for 10 minutes). Twenty 

exposed and nonexposed daphnids were homogenized in 

1 mL of sucrose buffer (0.25 M sucrose, 0.1 M Tris-HCl, 

pH 8.6) and centrifuged.

Protein concentration was quantified spectrophotometri-

cally at 595 nm according to the Bradford method with bovine 

serum albumin as standard.50

About 1 mL supernatant was used to determine CAT 

activities using a commercial catalase assay kit (Sigma–Aldrich) 

following the manufacturer’s protocol. CAT activities were calcu-

lated and expressed as a decrease in absorbance at 240 nm due to 

H
2
O

2
 consumption. SOD activity was determined using an SOD 

assay kit – WST (Sigma–Aldrich) – according to manufacturer’s 

instructions. The SOD activity (an inhibition activity) was cal-

culated by measuring the decrease in the color development at 

440 nm. The antioxidant enzyme activities were presented as 

mean ± standard errors from three to five replicates.

Data analysis
The software IBM SPSS Statistics® version 21 (Armonk, 

NY, USA) was used for statistical analysis. The distribution 

of TM median values obtained from Comet Assay on 
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untreated samples (controls) was analyzed by Shapiro–Wilk 

and Kolmogorov–Smirnov tests.50–52 To compare the results 

obtained from assays on samples subjected to different treat-

ments, Levene’s53 test was first applied to evaluate variance 

homogeneity. When homoscedasticity was verified, com-

parison was performed by analysis of variance (ANOVA). 

In the case of nonhomogeneous variances, Kruskal–Wallis 

nonparametric test was applied.54

The statistical analysis applied to physiological responses 

and fitness parameters has been calculated with Graph-

Pad Prism 6 (GraphPad Software, Inc., La Jolla, CA, USA). 

The significance of differences between average values of 

different experimental treatments and controls was assessed 

by ANOVA, considering a significance threshold level 

always set at 5%. When ANOVA revealed significant dif-

ferences among treatments, post hoc tests were carried on 

with Dunnett’s method and Tukey’s test.

Result and discussion
characterization of QDs and QDs-Ind
To quantify and confirm peptide conjugation to QDs, UV/

vis and fluorescence spectrophotometric assessing the tryp-

tophan residues present in the peptide (Figure 1A and B). 

Both analyses allowed us to confirm the conjugation of the 

peptide on the QDs and to determine the concentration of 

the mother solution. In particular, the mother solutions for 

QDs-Ind were 117 nM in QDs and 500 μM in peptide and 

for QDs alone were 117 nM.

Dynamic light scattering and ZP measurements were 

performed to determine the size of the NPs and their stability. 

Table 1 lists the dimensions of the NPs at the concentrations 

used in the experiments. The ZP measurements performed 

at a pH range from 2 to 10 showed that the compounds were 

stable. The experiments were also performed after 24 and 

72 hours, showing no change in size and colloidal stability 

(data not shown).

antibacterial activity
Antibacterial activity of QDs with and without indolicidin 

against human pathogens (Gram-positive and Gram-negative 

bacteria) was analyzed calculating MIC and MBC. Determi-

nation of MIC values of QDs, QDs-Ind, and indolicidin was 

carried out using model bacteria strains: the Gram-positive 

bacteria S. aureus ATCC 6538 and the Gram-negative 

bacteria E. coli ATCC 11229, P. aeruginosa ATCC 1025, 

and Klebsiella ATCC 10031. Table 2 reports the MICs 

Figure 1 (A) UV/vis spectra of QDs and QDs-Ind, by assessing the absorbance of tryptophan residues; (B) fluorescence spectra of QDs and QDs-Ind, mean ± sD; and (C) 
ZP of QDs and QDs-Ind at different phs. Data are mean ± sD.
Abbreviations: QDs, quantum dots; ZP, zeta potential; QDs-Ind, quantum dots-indolicidin.
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obtained. The inhibitory activity was slightly increased with 

the QDs-Ind compared to QDs and indolicidin alone, indi-

cating that the coating of QDs with indolicidin is important 

for the overall antibacterial mechanism. It has been previ-

ously reported that QDs are generally more active against 

Gram-negative compared to Gram-positive bacteria, and 

our results are in line with these observations. The different 

antibacterial activity has been attributed to the differences 

in membrane organization and overall molecular composi-

tion of the bacterial cell wall and as a consequence of the 

direct interaction bacteria with the NPs.58 Gram-positive and 

Gram-negative bacteria are both characterized by an overall 

negative charge due to the presence of teichoic acids in the 

former and lipopolysaccharides in the outer membrane of the 

latter. There was no major difference between bactericidal 

and inhibitory concentrations of the QDs and QDs-Ind. 

MBC values showed a similar trend to MIC values. Figure 2  

and Table 3 demonstrate the percentage of reduction of 

bacteria growth. We showed that QDs- Ind demonstrated a 

percentage of bacteria reduction related to an initial inoculum 

of 35.1±3.0, 29.3±2.7, and 39.3±4.1, respectively, for E. coli, 

P. aeruginosa, and K. pneumoniae. Only for S. aureus, we 

observed a low killing ability of 12.3±1.0% for QDs-Ind, 

but this was always more significant than that for indolicidin 

alone and QDs alone.

Toxicity/genotoxicity studies
Toxicity studies were performed using D. magna. When 

we exposed daphnids to different concentrations of QDs, 

acute toxic effects were observed starting from 24 hours 

of exposure (data not shown) at all assayed concentrations 

and reached an EC
50

 of 67% immobility at 48 hours. The 

67% decrease in the survival after 48 hours of exposure was 

obtained at a concentration of 10 nM (Figure 3). Percentage 

of bacteria reduction related to an initial inoculum, QDs-Ind 

showed an EC
50

 not determinable and an EC
10

 of 2.17 nM 

with 95% CI between 1.01 and 4.67.

At the end of the exposure time, when we compared 

acute toxicity of QDs with that of QDs-Ind, we observed a 

decrease of mortality at each concentration tested, ranging 

from no mortality at lower concentrations to 20% at 10 nM. 

We did not notice toxicity when we used indolicidin alone 

at any of the concentrations.

As shown in Figure 4, bacterial luminescence was inhib-

ited in both cases, reaching rates between 35% and 40% at 

the highest concentrations tested. For QDs-Ind, we noticed a 

bioluminescence decrease with a dose–response trend, while 

for QDs the decrease of bioluminescence showed constant 

values. As for the toxicity of indolicidin, we noticed a lack of 

bioluminescence inhibition at all concentrations tested (reach-

ing only 9% of inhibition), which corresponds to no significant 

toxicity. According to previous studies,55 QDs’ internalization 

and aggregation could affect the metabolic activity of the 

bacteria, which can cause a decrease in luminescence.

None of the samples exhibited mutagenicity in the bacte-

rial test on TA100 strain at the doses used. In fact, when we 

calculated mutagenic ratio for QDs, QDs-Ind, and indolicidin 

alone, all showed a value lower than 2, which was calcu-

lated from the ratio between the number of S. typhimurium 

revertants grown in the presence of the tested samples and 

the number of spontaneously appearing revertants showing 

no mutagenicity effect (Table 4).

Oxidative stress and DNA strand breaks were also 

examined. Oxidative stress is important because it can 

damage many important biomolecules, including DNA and 

proteins.56 To address harmful effects of ROS, living cells 

are equipped with numerous defense mechanisms, including 

the induction of antioxidant enzymes like SOD, CAT, and 

others. These enzymes can be also used as biomarkers that 

suggest oxidative stress. Oxidative stress, as determined by 

ROS quantification with H
2
DCFDA and normalized with 

untreated controls, was significantly induced in Daphnia 

treated with lower concentration QDs-Ind compared to 

higher concentrations, showing a completely different 

Table 1 size, expressed as z-average, as measured by Dsl and PDI

NPs Average size (nm) PDI

QDs 110.80±2.91 0.23±0.03
QDs-Ind 175.50±1.83 0.22±0.01

Note: Data are expressed as mean ± sD of three separate experiments for each of 
two batch formulations, with at least 13 measurements for each.
Abbreviations: Dls, Dynamic light scattering; NPs, nanoparticles; QDs, quantum 
dots; QDs-Ind, quantum dots-indolicidin; PDI, polydispersity index; sD, standard 
deviation.

Table 2 antimicrobial activity against S. aureus (aTcc 6538), 
P. aeruginosa (aTcc 1025), E. coli (aTcc 11229), and K. pneumoniae 
(aTcc 10031)

Bacteria MIC (µM), range MBC (µM), range

Ind QDs-Ind Ind QDs-Ind

gram-negative
E. coli 10 5–10 20 15
P. aeruginosa 12.5–25 10 20–40 25
K. pneumoniae 10 5–10 15–30 10–20

gram-positive
S. aureus 15–30 10–20 50 40

Notes: E. coli, Escherichia coli; P. aeruginosa, Pseudomonas aeruginosa; K. pneumoniae, 
Klebsiella pneumoniae; S. aureus, Staphylococcus aureus.
Abbreviations: QDs, quantum dots; MIc, minimal inhibitory concentration; MBc, 
minimum bactericidal concentration; QDs-Ind, quantum dots-indolicidin.
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trend from genotoxicity as detailed later. On the contrary, 

ROS production was constant in Daphnia treated with QDs 

and indolicidin alone. For all samples, the increase was 

observed even within 24 hours (Figure 5).

Our treatments resulted in significant alterations of SOD 

activity after 24 hours of exposure. In fact, SOD constitutes 

the first line of defense against ROS. The enzyme level 

increases in a concentration-dependent manner in samples 

treated with QDs and QDs-Ind, from low concentrations to 

high concentration, showing activation similar to ROS pro-

duction. The greatest increase in SOD activity was observed 

at lower concentrations for QDs and for QDs-Ind, showing 

a similar trend to ROS increase. In contrast, the SOD activ-

ity was always the same in samples treated with indolicidin 

alone at all concentrations tested (Figure 6).

Indolicidin and QDs-Ind exhibited the capacity to alter 

CAT content. In fact, there was a significant increase of CAT 

in both samples at each concentration tested. In addition, 

QDs alone showed an increase of CAT activation following 

a dose–response trend (Figure 7).

Table 3 antibacterial activity obtained for all samples expressed 
as reduction of bacteria (%) compared to the control with sD 
(P,0.5)

Microrganisms Reduction of bacteria (%)

Ind QDs-Ind QDs

gram-negative
E. coli 32.3±2.5 35.1±3.0 3±0.8
P. aeruginosa 26.6±2.1 29.3±2.7 1.9±0.4
K. pneumoniae 34.4±2.9 39.3±4.1 2.6±0.7

gram-positive
S. aureus 10.6±1.1 12.3±1.0 0.9±0.2

Notes: results are in response to a student’s t-test. values are shown as mean ± sD. 
Abbreviations: QDs, quantum dots; QDs-Ind, quantum dots-indolicidin; E. coli, 
Escherichia coli; P. aeruginosa, Pseudomonas aeruginosa; K. pneumoniae, Klebsiella 
pneumoniae; S. aureus, Staphylococcus aureus.

Figure 3 acute toxicity test on Daphnia magna.
Notes: (A) effects of QDs and QDs-Ind on the immobilization and mortality of 
D. magna after 48 hours of exposure. No toxicity resulted with Ind at all 
concentrations tested. Asterisks indicate significance; a P-value by Tukey’s multiple 
comparison posttest for two-way-aNOVa: **P,0.01, ***P,0.001. (B) ec50 and 
ec10 values obtained by linear regression with 95% cIs.
Abbreviations: QDs, quantum dots; QDs-Ind, quantum dots-indolicidin; aNOVa, 
analysis of variance; CI, confidence interval; ND, not determinable; EC10, effective 
concentration at 10%; ec50, effective concentration at 50%.

Figure 2 antibacterial activity expressed as percentage of reduction of bacterial growth. 
Notes: Results are expressed as median values with the SD. All bars have a significant difference with controls (P,0.05).
Abbreviations: E. coli, Escherichia coli; P. aeruginosa, Pseudomonas aeruginosa; K. pneumoniae, Klebsiella pneumoniae; S. aureus, Staphylococcus aureus; QDs, quantum dots; Ind, 
indolicidin; QDs-Ind, quantum dots-indolicidin. 
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These activations seem to be dose dependent and serve 

to prevent accumulation of H
2
O

2
 and O

2
 when cells are 

exposed to QDs-Ind and indolicidin alone. The increase of 

CAT activity is inversely proportional to ROS increase.

The balance between ROS and antioxidants is essential 

for the survival of organisms even if other forms of injury 

such as DNA damage may also occur.

DNA damage (tail moment) evaluated in D. magna 

exposed for 48 hours to indolicidin, QDs, and QDs-Ind 

showed significant genotoxicity with a dose–response trend 

(Figure 8). Samples with 10, 5, 2.5, 1.2, 0.6, and 0.3 nM 

of indolicidin alone exhibited a lower DNA damage, not 

statistically different from control (with 0.3 nM indolicidin). 

Instead, the data demonstrated that samples treated with 

QDs were characterized by higher genotoxicity in com-

parison to untreated control samples. As shown in Figure 6, 

the presence of QDs-Ind induced a significant decrease of 

DNA damage at low concentrations (0.3–2.5 nM). Tail 

moments increased in D. magna exposed to higher doses 

of QDs-Ind (5–10 nM).

Median values for control samples were significantly 

lower after treatment (P,0.001 Kruskal–Wallis ANOVA rank 
Table 4 ames test results expressed as Mr

Compound Concentration Revertants per plate MR

Bacteria strain TA100

QDs 10 nM 7/96 1.17
5 nM 8/96 1.33
2.5 nM 4/96 0.67
1.2 nM 6/96 1
0.6 nM 0/96 0
0.3 nM 0/96 0

QDs-Ind 10 nM 3/96 0.6
5 nM 2/96 0.4
2.5 nM 2/96 0.4
1.2 nM 3/96 0.6
0.6 nM 0/96 0
0.3 nM 0/96 0

Ind 43 μM 0/96 0
21.5 μM 0/96 0
10.7 μM 0/96 0
5.4 μM 0/96 0
2.7 μM 0/96 0
1.3 μM 0/96 0

Notes: The concentration of Ind tested corresponds to the concentration of 
peptide present in each sample of QDs-Ind (range 10–0.3 nM).
Abbreviations: QDs, quantum dots; Ind, indolicidin; Mr, mutagenicity ratio; QDs-
Ind, quantum dots-indolicidin.

Figure 4 effects of QDs and QDs-Ind on the luminescence inhibition of V. fischeri 
after 30 minutes of exposure. 
Notes: results are expressed as median values with sD. No inhibition of lumine-
scence resulted with Ind at all concentrations tested. Asterisks indicate significance; 
a P-value by Tukey’s multiple comparison posttest for two-way aNOVa: *P,0.05, 
**P,0.01.
Abbreviations: QDs, quantum dots; sD, standard deviation; aNOVa, analysis of 
variance; QDs-Ind, quantum dots-indolicidin.

Figure 5 rOs levels in D. magna treated with different concentrations of QDs, 
QDs-Ind, and indolicidin expressed as absorbance values with sD. 
Notes: All bars have a significant difference with controls (P,0.01). results are in 
response to an analysis of variance.
Abbreviations: QDs, quantum dots; rOs, reactive oxygen species; sD, standard 
deviation; D. magna, Daphnia magna; QDs-Ind, quantum dots-indolicidin.

Figure 6 enzymatic activity of extracts of cell suspension cultures treated with 
different concentrations of QDs, QDs-Ind, and indolicidin. 
Notes: sOD is expressed as percentage inhibition and is the mean of three 
experiments with SD. All bars have a significant difference with controls (P,0.05). 
results are in response to an analysis of variance.
Abbreviations: QDs, quantum dots; sOD, superoxide dismutase; sD, standard 
deviation; QDs-Ind, quantum dots-indolicidin.
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model). Nonparametric test was used to evaluate the differ-

ence in time-dependent cell responses for different indolicidin 

concentrations. We found a statistically significant difference 

between the Tail Moment (TM) of each population and the 

control (P,0.001, Kruskal–Wallis test,57 each population 

versus control) except for indolicidin and QDs at 0.3 nM.

A correlation analysis is reported in Table 5 with 

Pearson’s coefficient. We can conclude that using two 

different bioindicators we observed a good correlation of 

results with P,0.05; moreover, the comet results are also 

significant as shown by the value of R (R=1).

Conclusion
The aim of this study was to evaluate the ecotoxicity of 

QDs (coated or uncoated with an antimicrobial peptide). 

Moreover, we also evaluated the antimicrobial activity of the 

peptide indolicidin conjugated to NPs such as QDs, which 

are able to penetrate into cells and reach various organs 

and tissues.

To meet this objective, we tested the level of antimicro-

bial activity on Gram-positive and Gram-negative bacteria 

and designed an ecotoxicological battery of test systems 

and indicators able to detect different effects using a variety 

of end points. Such a battery of test systems and indicators 

would be representative of a wide range of organisms. The 

systems studied included the immobilization of D. magna, 

bioluminescence inhibition in the marine bacterium V. fisheri, 

the mutagenicity activity of S. typhimurium TA100, genotox-

icity and analysis of ROS, and antioxidant enzyme activity 

on D. magna. The development of toxicological models has 

been an invaluable step toward predictive toxicology, but 

engineered NPs not following elemental physicochemical 

properties, especially when functionalized with peptides, 

represent a new challenge in this field. It was previously 

reported that QDs could be transfer through biomagnification 

to higher trophic levels. Moreover, studies in vivo and in vitro 

have demonstrated that QDs induced ROS and lipid peroxida-

tion, disturbed DNA function, increased mortality, or led to 

failure of reproduction in same bioindicators. In this work, 

we demonstrated that when QDs are functionalized with the 

antimicrobial peptide indolicidin, the ecotoxicity decreases 

while the antimicrobial activity improves compared to the 

QDs and indolicidin separately.

Our results showed that the antimicrobial activity 

increases, which is probably correlated to an increase of 

hydrophilicity; in fact, hydrophilicity is one of the crucial 

parameters responsible for activity of AMPs that allows 

for its initial interaction with the lipid head groups of the 

microbial phospholipid bilayer.

Our results further demonstrated that the ecotoxicity of 

QDs decreases when coated with this peptide. In particular, 

the crustacean D. magna is sensitive to QDs, showing a dose-

dependent curve of immobilization with a mortality of 60% 

after 48 hours of exposure, while immobilization decreases 

to 20% when we used QDs- Ind.

A similar result was observed from bioluminescence inhi-

bition using V. fisheri, showing lesser inhibition only at higher 

concentrations. As for the mutagenicity test, no mutagenicity 

was observed in all samples tested at every concentration. 

In contrast to the genotoxic tests, the comet assay showed 

a dose-dependent response, and comet tails were observed 

for QDs, QDs-Ind, and indolicidin alone, especially at the 

highest concentrations tested.

Figure 7 enzymatic activity of extracts of cell suspension cultures treated with 
different concentrations of QDs, QDs-Ind, and indolicidin. 
Notes: caT activities are expressed (as U/mg of protein) as decrease in absorbance 
of h2O2 consumption with SD. All bars have a significant difference with controls 
(P,0.05). results are in response to an analysis of variance.
Abbreviations: QDs, quantum dots; QDs-Ind, quantum dots-indolicidin.

Figure 8 comet assay. 
Notes: histogram of DNa damage of D. magna added to 0.3–10 nM solutions of 
QD, QDs-Ind, and indolicidin alone. results are expressed as median values with 
the SD. All bars have a significant difference with controls (P,0.05).
Abbreviations: QDs, quantum dots; QDs-Ind, quantum dots-indolicidin.
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Table 5 Coefficients of correlation among observed parameters measured in D. magna about toxicity and DNa damage and Vibrio 
luminescence inhibition

Vibrio
QDs-Ind

Daphnia
QDs-Ind

Comet
QDs-Ind

Vibrio
QDs

Daphnia
QDs

Comet
QDs

Comet
Ind

Vibrio
Qds-Ind

0.93 0.85 0.94 0.94 0.82 0.85

Daphnia
QDs-Ind

0.93 0.93 0.98 0.91 0.92 0.94

comet
QDs-Ind

0.85 0.93 0.90 0.88 0.99 1.00

Vibrio
QDs

0.94 0.98 0.90 0.91 0.90 0.92

Daphnia
QDs

0.94 0.91 0.88 0.91 0.87 0.89

comet
QDs

0.82 0.92 0.99 0.90 0.87 1.00

comet
Ind

0.85 0.94 1.00 0.92 0.89 1.00

Notes: In the table, R values derived from Pearson’s correlation are reported. In bold are values with P,0.01 and in italic are values with P,0.05.
Abbreviations: QDs, quantum dots; QDs-Ind, quantum dots-indolicidin.

The study of ROS production and the enzyme activation 

in D. magna after 24 hours of exposure underlined the fact 

that even at 24 hours of exposure, we observed ROS produc-

tion with QDs- Ind immediately balanced with the enzyme 

activation with an increase of SOD and CAT.

In conclusion, QDs are toxic for D. magna, while the com-

plex QDs-Ind has a lower toxicity, but both led to oxidative 

stress and DNA damage. The overall response pattern observed 

in our experiments followed a dose–response trend. Cells tend 

to respond to a genotoxic effect, increasing the enzyme activ-

ity. D. magna responded to the oxidative stress caused by the 

addition of QDs, QDs-Ind, and indolicidin by activating their 

antioxidant enzyme systems. The complex QDs-Ind showed 

a greater antibacterial activity, demonstrating an increased 

efficacy of indolicidin when conjugated to QDs.

Future studies should address the impact of specific fac-

tors such as surface area on the increase of antimicrobial 

activity and decrease of biotoxicity with a better control of 

each contributing factor.
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