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ABSTRACT
Nanoparticles (NPs) are now being used in many industrial
activities, such as mining, paint and glass industries. The fre-
quent industrial use of NPs contributes to environmental pol-
lution and may cause cellular and oxidative damage in native
organisms. In this study, the toxic effects of titanium dioxide
nanoparticles (TiO2 NPs) were investigated using Galleria mel-
lonella larvae as a model insect species. Alterations in cell
damage indicators, such as alanine transferase, aspartate trans-
ferase, lactate dehydrogenase, non-enzymatic antioxidants and
biochemical parameters, were determined in the hemolymph
of G. mellonella larvae exposed to TiO2 NPs at different con-
centrations (5, 50, 250 and 1250lg/mL) in their diets. TiO2

NPs caused concentration-dependent cellular damage in the
hemolymph of G. mellonella larvae and increased the levels of
the non-enzymatic antioxidants uric acid and bilirubin. In add-
ition, total protein in hemolymph significantly decreased at
the highest concentration (1250lg/mL) of TiO2 NPs. Level of
the urea increased at the highest concentration (1250lg/mL)
of TiO2 NPs, whereas the amount of glucose was not affected.
These findings demonstrated that TiO2 NPs caused concentra-
tion-dependent toxic effects on G. mellonella larvae.

KEYWORDS
Nanoparticles; environmen-
tal pollution; non-enzymatic
antioxidants; transferase
enzymes; model organism

Introduction

Nanoparticles (NPs) are being used in many applications by mining, paint,
glass, and other industries and their widespread use causes environmental
pollution. Therefore, the ecotoxicological effects of NPs are an important
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problem.1 Nanoparticles that pass through biological membranes can cause
adverse physiological and biochemical effects.1 Metal oxide nanoparticles,
such as titanium dioxide nanoparticles (TiO2 NPs) and copper oxide nano-
particles (CuO NPs), are the most widely used nanoparticles in industry
and could cause adverse effects on the environment and human health.2,3

TiO2 NPs are also present in cosmetics and antibacterial products that
are widely used by consumers; NPs in these products then contaminate
wastewater where additional TiO2 NPs may be added to act as photocata-
lysts for the degradation of organic pollutants, further contributing to the
environmental release of these materials.4–6 TiO2 NPs represents the high-
est produced nanomaterilas worldwide, with annual production predicted
to reach 2.5 million tonnes by 2025.7–9 TiO2 may also be used as to adsorb
organic pollutants and metals in water ecosystems by nano remediation.7 It
has also been shown that TiO2 NPs react with other NPs or metal pollu-
tants and therefore accumulate in organisms to cause oxidative stress.10,11

Intense use of TiO2 NPs in many industrial areas poses a danger to
the ecosystem.
Organisms are affected by environmental pollution due to toxic substan-

ces such as pesticides and heavy metals. Biochemical and physiological
changes occur in the tissues of organisms exposed to these toxic substances.
In studies, it has been stated that cell damage occurs in many organisms
such as fish and insects due to increasing environmental pollution.9,10 In
another study conducted with terrestrial invertebrates, it was reported that
TiO2 NPs ingested through diet cause toxic effects.11 Metabolic enzymes
such as alanine transferase (ALT), aspartate transferase (AST), lactate
dehydrogenase (LDH) are used as indicators of cell damage.12 Enzymatic
and non-enzymatic antioxidant defense systems protect organisms against
oxidative damage. In many studies, it has been reported that there is an
increase in the amount of enzymatic antioxidants such as superoxide dis-
mutase, catalase, glutathione peroxidase and non-enzymatic antioxidants
such as bilirubin (BIL), glutathione (GSH), uric acid (UA), Vitamin E due
to environmental pollution.13–15 In addition, various biochemical parame-
ters are negatively affected in different tissues of organisms due to oxidative
stress.16

Galleria mellonella is an important agricultural pest that damages bee-
hives, bee combs and beeswax.17 In recent years, G. mellonella has been
used as a model organism in ecotoxicology studies, determination of viru-
lence effects of pathogenic bacteria and insecticide research.16,18–20 Large
numbers of G. mellonella larvae can be produced easily under laboratory
conditions, their use avoids many ethical problems associated with other
laboratory species, and their short life cycle represent significant advantages
for their use as model organisms for studies in environmental toxicology.18
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In addition, the immune system of G. mellonella resembles the innate
immune response of mammals and is therefore also used for immunology
studies.21,22

The widespread use of TiO2 NPs in industrial areas could introduce
potentially toxic effects for humans, fish and insects.22,23 In the present
study we hypothesized that TiO2 NPs induce adverse effects leading to
deteriorated metabolic and biochemical parameters of G. mellonella as a
model insect. For this reason, we aimed to determine the effects of dietary
TiO2 NPs on amounts of non-enzymatic, metabolic enzymes and biochem-
ical parameters in hemolymph of G. mellonella larvae.

Material and methods

Insect culture

G. mellonella larvae were obtained from the Insect Culture Laboratory in
Biology department of Çukurova University. G. mellonella larvae were
reared in artificial diet in an incubator set at 28 ± 2 �C and 65 ± 5% humid-
ity. Artificial diets were prepared using 420 g wheat bran, 150mL filtered
honey, 150mL glycerol (Merck, Darmstadt, Germany), 20 g ground dark
old honeycomb and 30mL pure water.24

Characterization of TiO2 NPs

TiO2 nanopowder (TiO2 Degussa P25, powder form) was purchased from
Sigma–Aldrich (St. Louis, Missouri, USA). TiO2 nanopowder was used in
the preparation of experimental solutions. The method developed by
Tunçsoy and Meşe22 was used for the preparation and characterization of
the suspensions of the nanoparticles. Mean Ti levels in exposure media
were determined as 4.946 ± 0.05mg/L, 49.93 ± 0.065, 248.1 ± 1.95 and
1247.86 ± 2.85 Ti, respectively.

Experimental design and biochemical assay

Newly hatched larvae were reared to the last instar larvae (7th instar larvae)
with the artificial diet in an incubator set at 28 ± 2 �C and 65 ± 5% humid-
ity. TiO2 NPs was directly incorporated into the artificial diet at the con-
centration of 5, 50, 250 and 1250lg/mL. No TiO2 NPs was added to the
control diet. Experiments were repeated four times and 40 last instar larvae
of G. mellonella were used in each replicate.
Last-instar larvae of G. mellonella were kept on ice for 5minutes for

anesthesia. The surface of the larvae was disinfected with 95% ethanol.
Hemolymph from the abdomen of the larvae of G. mellonella with
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Hamilton needle was collected into Eppendorf tubes (1.5mL) kept in ice. A
few phenylthiourea (PTU) (Sigma Aldrich, Missouri, USA) crystals were
placed in the Eppendorf tubes to prevent melanization. Samples were
stored at �80 �C until analysis.
Extracts of hemolymph were obtained for biochemical analysis prepared

at 4 �C by an ultrasonic homogenizer (Bandelin Sonoplus, HD2070,
Germany) at 50W, 50 s in homogenization buffer (w/v 1.15% KCl, 25mM
K2HPO4, 5mM ethylenediaminetetraacetic acid, 2mM phenylmethylsul-
phonyl fluoride, 2mM dithiotreitol, pH 7.0) followed by centrifugation at
10.000 g for 10min at 4 �C.13 The resulting cell-free supernatant extracts of
hemolymph were collected for biochemical analyses. The analyses were per-
formed with the Roche Hitachi Cobas c501 instrument (Roche, Germany)
using appropriate kits. ALT, AST, LDH, creatine kinase (CK), BIL, glucose
(GLU), total protein (TP), UA and urea. Biochemical assays were per-
formed according to manufacturer’s instructions.

Statistical analysis
A one-way analysis of variance (ANOVA) test was used to evaluate differ-
ences between metabolic enzyme activities and biochemical parameters.
Tukey’s HSD test was used to determine the importance of the difference
between the averages. All analyses were performed in SPSS v.15.0 (SPSS,
Chicago, IL, USA). A probability level of 0.05 was used to check the signifi-
cance of the difference between the averages.

Results

Characterization of TiO2 NPs

The particle size was characterized using transmission electron microscopy
(TEM). TiO2 NPs were also characterized by X-ray diffraction (XRD).
More details on the characterization methods are described in the previous
study.25 Characterizations of TiO2 NPs were as follows: particle size distri-
bution 28.82 nm ± 11.07 nm, specific surface area 46.45 ± 2.32m2/g, density
4.3384 ± 0.0057 g/cm3.

Effect of dietary TiO2 NPs on metabolic enzymes in hemolymph of
G. mellonella
In the present study, ALT level statistically decreased at 5, 50, 1250lg/mL
concentrations of TiO2 NPs in hemolymph of G. mellonella larvae (F4,15:
63.439, p< 0.001). ALT activity increased at a concentration of 250 lg/mL,
but there was no statistically significant difference (p> 0.05) (Fig. 1a). AST
level significantly decreased at 5, 50, 1250lg/mL concentrations of TiO2
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NPs in hemolymph of G. mellonella larvae, while it was statistically
increased at 250lg/mL concentrations (F4,15: 832.594, p< 0.001) (Figure
1b). The other cell damage indicator, LDH activity, significantly decreased
at the highest concentration (1250lg/mL), although it was statistically
increased at a concentration of 250 lg/mL (F4,15: 520.453, p< 0.001)
(Figure 1c). CK activity increased approximately 2-fold at 250 and 1250 lg/
mL concentrations of TiO2 NPs when compared to the control group
(F4,15: 301.517, p< 0.001) (Figure 1d).

Effect of dietary TiO2 NPs on biochemical paremters in hemolymph of
G. mellonella
The findings from this study demonstrated that the amount of the non-
enzymatic antioxidant UA increased significantly at 5, 50, 250 and 1250lg/
mL concentrations of TiO2 NPs when compared to the control group
(F4,15: 23.756, p< 0.001) (Figure 2a). The amount of non-enzymatic anti-
oxidant BIL significantly increased from 0.018 ± 0.002 to 0.034 ± 0.004mg/
dL at the highest concentration of TiO2 NPs (1250 lg/mL) when compared
to the control group (F4,15: 106.073, p< 0.001) (Figure 2b). Urea levels sig-
nificantly decreased at 5 and 50lg/mL concentrations of TiO2 NPs in
hemolymph of G. mellonella larvae, while it was statistically increased at
250 and 1250lg/mL concentrations of TiO2 NPs (F4,15: 141.1755,
p< 0.001) (Figure 2c). The amount of GLU significantly increased at

Figure 1. Effects of dietary TiO2 NPs on metabolic enzymes in hemolymph of G. mellonella.
Bars represent the means (± S.E.) of four replicates. Means followed by the same letter are not
significantly different (Tukey’s HSD test: p< 0.05) (a: alanine transferase, b: aspartate transferase,
c: lactate dehydrogenase, d: creatine kinase).
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250 lg/mL concentration of TiO2 NPs, whereas significant decrease was
observed at 5 lg/mL concentration when compared to the control group
(F4,15: 172.555, p< 0.001). The amount of GLU increased at the highest
concentration of TiO2 NPs, but there was no statistically significant differ-
ence (p> 0.05) (Figure 2d). Amount of TP significantly decreased at 5, 50
and 1250lg/mL concentrations of TiO2 NPs in hemolymph of G. mello-
nella larvae, while it was statistically increased at 250 and 1250lg/mL con-
centrations (F4,15: 1132.533, p< 0.001) (Figure 2e).

Discussion

This study provides information about the toxicity of dietary TiO2 NPs on
the model organism G. mellonella. The findings showed that metabolic

Figure 2. Effects of dietary TiO2 NPs on biochemical parameters in hemolymph of G. mellonella.
Bars represent the means (± S.E.) of four replicates. Means followed by the same letter are not
significantly different (Tukey’s HSD test: p< 0.05) (a: uric acid, b: bilirubin, c: urea, d: glucose, e:
total protein).
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enzymes and biochemical parameters in hemolymph of G. mellonella were
altered by exposure to TiO2 NPs.
The metabolic and biochemical parameters of exposed organisms are sig-

nificantly affected by toxic metals.26–29 Environmental pollution caused by
toxic metals can cause lipid and protein oxidation, cell damage and disrup-
tion of energy metabolism in insects.12,30,31 AST, ALT and LDH enzyme
activities are used as bioindicators in determining the oxidative effects of
toxic chemicals on insect tissues.12 AST and ALT transfer the amino group
from amino acids to a-keto acids to switch between energy source mole-
cules in the tissues of insects, as in mammals.32 Another cell damage indi-
cator LDH, converts pyruvate formed in the last step of glycolysis to
lactate.33 CK participates in adenosine triphosphate homeostasis, which is
the main energy source in vertebrate and invertebrate animals.34 In this
study, it was determined that TiO2 NPs added to artificial diet (250 lg/mL)
increased AST, ALT, LDH and CK levels in the hemolymph of G. mello-
nella. The reason for the increase in metabolic enzyme activities in the
hemolymph of G. mellonella may be cell damage and disruption of energy
metabolism due to TiO2 NPs. It is known that chemical agents increase
AST and ALT levels by causing tissue damage.12,16,35 On the contrary, the
activity of cell damage indicators AST, ALT and LDH was significantly
decreased at 1250lg/mL concentrations of TiO2 NPs in hemolymph of G.
mellonella larvae. In addition, it was determined that the amount of TP sig-
nificantly decreased at 1250lg/mL concentrations. The reason for this may
be disruption of protein and enzyme metabolism due to the toxic effect of
high concentrations of TiO2 NPs. On the other hand, the increase in the
amount of non-enzymatic antioxidants at 1250 lg/mL concentrations may
be an adaptation developed by the G. mellonella due to the toxic effect of
TiO2 NPs. Adamski et al.36 reported that leaf potato extract and its compo-
nent, a-solanine caused protein damage in fat body of G. mellonella larvae
and enzyme metabolism was impaired due to protein oxidation. In another
study, it was determined that AST, ALT, LDH and CK activities increased
in hemolymph of G. mellonella larvae exposed to Diaquabis-Bis-Cobalt
metal complex after 8 hours.16 Sugeçti and B€uy€ukg€uzel12 reported that the
activity of cell damage indicators as AST, ALT and LDH increased due to
the oxidative effect of oxfendazole in hemolymph of G. mellonella. In
another study, cell damage indicators such as AST, ALT, LDH levels were
significantly increased due to Escherichia coli infection in the hemolymph
of G. mellonella larvae.37 Sugeçti38 reported that AST, ALT, LDH and CK
levels significantly increased due to Klebsiella pneumoniae infection in the
hemolymph of G. mellonella larvae. Similarly, LDH level also increased due
to cell damage after infection with K. pneumoniae (different strains)
increased in greater wax moth larvae.39
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Antioxidant levels are increased to eliminate oxidative stress in organ-
isms exposed to environmental pollutants such as pesticides, heavy metals,
metal oxide nanoparticles, etc.23,40 In this study, the amount of non-enzym-
atic antioxidants UA and BIL altered due to the toxic effect of TiO2 NPs.
UA and BIL levels statistically increased at 50, 250 and 1250lg/mL concen-
tration of TiO2 NPs. The reason for this increase may be the adaptation of
the insect to the toxic effect of TiO2 NPs. In another study, the effect of
Diaquabis (N, N-diethylnicotinamide-kappa N1) bis (4-formylbenzoato-kappa O)
cobalt (II) metal complex on the non- enzymatic antioxidants such as UA
and BIL in the hemolymph of G. mellonella larvae was investigated. UA and
BIL levels increased in the hemolymph of G. mellonella larvae 8 hours after
exposure to the metal complex.16 Zorlu et al.23 reported that TiO2 NPs
increased enzymatic antioxidants such as SOD, CAT and GST to prevent oxi-
dative damage in model insect G. mellonella larvae. In another study CAT
and GST activity increased in fat body of G. mellonella larvae exposed to
CuO NPs.3 In other studies, it was determined that the antioxidant levels of
Spodoptera littoralis (Boisduval) (Lepidoptera: Noctuidae) exposed to silver
nanoparticles (Ag NPs) and zinc oxide nanoparticles (ZnO NPs) alters due to
oxidative stress.41,42 Moreover, in a study conducted with Hydropsyche exocel-
lata Dufour, it was reported that as a result of the application of TiO2 NPs at
a concentration of 50mg/L, there was an increase in the survival rate and lipid
peroxidation level in dose depend manner, while a decrease in CAT activity
occurred.43 In another study was reported that the antioxidant response was
altered in Musca domestica larvae fed a diet containing different concentrations
of silver and chitosan nanoparticles.44 Studies have shown that metal com-
pounds with the potential to cause environmental pollution alter the antioxi-
dant levels of the model insect. These results support our hypothesis.
Environmental pollutants such as pesticides, heavy metals, nanomaterials

cause adverse effects on the physiological and biochemical of insects.45,46 In
studies, the increase in the amount of protein in insects has been reported
as an adaptation developed against oxidative damage caused by environ-
mental pollutants.47 In this study, the amount of TP significantly increased
at 250 lg/mL concentrations of TiO2 NPs. Increased activity of AST, ALT
and LDH at 250 lg/mL concentrations of TiO2 NPs indicated cellular dam-
age. The amount of TP may have been increased against this damage.
Sertçelik et al.16 reported that the amount of TP in hemolymph of G. mel-
lonella larvae exposed to the Diaquabis bis cobalt (II) metal complex altered
due to the cellular level. In another study, it was stated that the dietary
oxyclozanide (0.003, 0.03 and 0.3%) has adverse effects on G. mellonella
larvae, increasing the amount of TP to eliminate these effects.47 The
amount of GLU significantly increased at 250lg/mL concentrations of
TiO2 NPs. Increase of GLU exposed at 250 lg/mL concentrations of TiO2
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NPs could be due to physiological stress or a response to suppress the
stress. Also, the insect’s feeding activity may have increased as an adapta-
tion to the toxic effect of TiO2 NPs. Increasing the amount of GLU, TP
and UREA at 250 lg/mL concentrations of TiO2 NPs supports this hypoth-
esis. In another study, it was reported that the feeding activity and the
amount of GLU, TP and UREA of Bombyx mori larvae changed due to the
toxic effect of pyriproxyfen.48

In conclusion, the results of the present study revealed toxic effects of
titanium dioxide nanoparticles for G. mellonella larvae. TiO2 NPs caused
alterations to metabolic enzymes and biochemical parameters in the hemo-
lymph of G. mellonella larvae, showing that G. mellonella is a useful model
organism for the investigation of toxic effects of environmental NP pollu-
tants in insects. In recent years the intensive use of NPs has created a need
to investigate their toxicological effects on native organisms present in the
environment, such as insects. In addition, the adverse effects of NPs that
may occur in lower organisms may affect other organisms in the ecosystem
by disrupting the food chain.
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