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Introduction: Nanotechnology is one of the most rapidly advancing scientific
fields, offering innovative solutions in diverse areas such as medicine, agriculture,
and materials science. However, concerns regarding the environmental and
biological toxicity of nanomaterials continue to rise. It is thus essential to
develop reliable, ethical, and cost-effective models to assess the in vivo
toxicity of Nanoparticles (NPs). This study aims to evaluate the immunotoxicity
and systemic effects of various inorganic nanoparticles using Galleria mellonella
(GM) larvae as a non-mammalian in vivo model.
Methods: GM larvae were exposed to different types of NPs, including starch-
coated and anionic superparamagnetic iron oxide nanoparticles (SPIONs),
double-walled carbon nanotubes (CNTs), and gold nanoparticles (GNPs). Flow
cytometry was used to monitor haemocyte numbers, while larval survival assays
assessed mortality. Histological analyses were conducted to detect CNT
accumulation in tissues. The immunosuppressive effects of GNPs were
assessed in GM larvae challenged with sub-lethal doses of Pseudomonas
aeruginosa and Acinetobacter baumannii.
Results: The results demonstrate NP retention in GM tissues and showed that
surface and size properties of NPs significantly influenced their biological effects.
Anionic SPIONs lacking a starch coating caused greater haemocyte depletion and
higher mortality than their biocompatible coated counterparts. GNP toxicity was
found to be size-dependent, with particles between 60 and 100 nm producing
the most severe haemocyte depletion, which was comparable to that obtained
with the immune suppressant cyclophosphamide.
Conclusion: Overall, this study supports the use of GM larvae as an effective
model for nanoparticle toxicity screening and demonstrates the usefulness of this
model in detecting both toxic and immunosuppressive properties of
nanomaterials.
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Introduction

Due to their unique physicochemical properties, nanoparticles
(NPs) with an overall size of between 1 and 100 nm in at least one
dimension are now widely employed in industrial, biomedical and
cosmetic applications, for example, as catalysts and fillers as well as
nanoparticulate biomaterials for orthopaedic surgery, UV filters in
sunscreens and food additives (Jia and Schüth, 2011; Stark et al.,
2015; Bouwmeester et al., 2014). Novel biomedical uses include
drug, vaccine and gene delivery and diagnostics and bioimaging
(Mabrouk et al., 2021). In vivo, NPs show enhanced solubility and
bioavailability, including the ability to cross the blood-brain barrier,
to enter the pulmonary system and to undergo enhanced absorption
through tight junctions (Kohane, 2007), making them ideal drug
delivery vehicles where superior drug bioavailability as well as
target-specificity is required (Patra et al., 2018; Eker et al., 2024).

Despite these favourable characteristics, NP toxicity is still a
concern. Toxicity is commensurate to the chemical nature of the
core material, the NPs’ size and shape (Liu et al., 2022) their ability to
generate reactive oxygen species (ROS), disrupt cellular
compartments and induce immune responses (Ngobili and
Daniele, 2016; Pondman et al., 2023). Hence, standardised
methods for biosafety evaluation of newly formulated NPs are
urgently required (Drasler et al., 2017; Moya-Andérico et al.,
2021). In vitro studies using cell lines have shown that toxicity in
response to NP uptake is strongly dependent on cell type (Kroll et al.,
2011). For example, identical concentrations of SPIONs induced
significant cytotoxicity in neuronal, glial and lung cells, but minimal
toxicity in all other tested cell types (Li et al., 2013; Wei et al., 2021).
Therefore, in vivo experiments are essential when investigating the
biological effects of NPs on the regulation of pH, ionic strength and
chemical composition of circulating blood (Moore et al., 2000).
Furthermore, NPs have been shown to interact with the immune
system and can induce adverse effects, such as hypersensitivity
reactions and inflammation (Pondman et al., 2023). Efforts have
thus been made to shield NPs from interactions with the immune
system. We have shown that binding of soluble complement factors
to CNTs enhances their uptake in macrophages and minimises
inflammatory cytokine production (Kouser et al., 2018; Pondman
et al., 2015). However, difficulties to effectively replicate and fully
capture the immune response in in vitro systems necessitates in vivo
experiments using animal models (Drasler et al., 2017).
Nevertheless, animal models have raised ethical concerns, are
costly and not suitable for high throughput screening. In line
with the 3Rs - Reduction, Refinement, and Replacement - the
adoption of non-animal and invertebrate animal alternatives,
where scientifically viable, is now becoming increasingly relevant.
Invertebrate models, such as the fruit fly Drosophila melanogaster or
the nematode Caenorhabditis elegans, are cost efficient and do not
fall under restrictive ethical regulations, thus warranting their
widespread use. To this end, the larvae of the invertebrate
Galleria Mellonella (GM) (the greater wax moth), have been
developed as an alternative and effective tool to study in vivo
toxicity. Due to their rapid growth rate, large size, and short life
cycle (Cutuli et al., 2019), they can be used to study pathogen
virulence, host-pathogen interactions and measure efficacy of
various antimicrobial, fungicidal and other agents, including NPs,
at an early stage during drug development (Jander et al., 2000;

Maslova et al., 2024; Maslova et al., 2020; Opris et al., 2025).
Importantly, GM larvae can be maintained at 37 °C (Peleg Anton
et al., 2009), thus allowing for nanotoxicity studies to take place at
the physiological human body temperature, which is especially
important when studying the effect of NPs on infections.
Furthermore, the larvae possess a complex innate immune
system, closely resembling that of mammals (Hernandez et al.,
2019; Gallorini et al., 2024). The cells of the larval haemolymph
(haemocytes) are classified into six different types (prohemocytes,
plasmatocytes, granular cells, coagulocytes, spherulocytes and
oenocytoids) (Tsai et al., 2016), while the humoral immune
response consists of opsonisation by complement-like proteins,
melanisation and synthesis of lysozyme and small antimicrobial
peptides (Trevijano-Contador and Zaragoza, 2018). As such, the
utility of this model for studying both immunological and
microbiological aspects of host-pathogen interactions has been
widely recognised (Menard et al., 2021). Thus, GM larvae can be
a useful tool to evaluate the direct immunotoxicity and
immunosuppressive activity of engineered NPs and their
potential for complementing current immunosuppressive drugs.

Furthermore, GM larvae are a good model for infection with
human pathogenic bacteria, such as Pseudomonas aeruginosa and
Acinetobacter baumannii, both of which are leading causes of
nosocomial infections in cystic fibrosis patients, burn victims,
and other immunocompromised individuals (Jander et al., 2000;
Maslova et al., 2020).

In this study, we determined the in vivo biological safety of a
range of nanoparticles, both with and without treatment with the
immunosuppressive drug cyclophosphamide. We utilised flow
cytometry as an accurate and reliable method for the
quantification of total circulating haemocytes and employed cryo-
sectioning and histochemistry to determine the systemic effects of
injected NPs in GM larvae. Larval survival was studied with Kaplan
Meier survival curves and reactive oxygen generation in vivo was
assessed by measuring the concentration of 4-hydroxynonenal (4-
HNE), a secondary product of lipoperoxidation (Poli and Schaur,
2000). Challenging the larvae with sub-lethal doses of highly virulent
strains of P. aeruginosa and A. baumannii enabled us to study early
immune responses to invasion of these two clinically important
pathogens after immune suppression with cyclophosphamide and
treatment with GNPs.

Our findings highlight the value of GM larvae in the study of
the innate immune response to injected NPs and its usefulness for
high-throughput investigation of NP immunotoxicity.
Additionally, we discuss potential clinical applications of the
tested nanoparticles to directly modulate the innate immune
response, with the potential to complement current
immunosuppressive therapies.

Materials and methods

Nanoparticle synthesis and characterisation

Acute in vivo toxicity of three different types of nanoparticles
was assessed: superparamagnetic iron oxide nanoparticles
(SPIONs), double walled carbon nanotubes (CNTs) and gold
nanoparticles (GNPs).
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SPIONs (nano-screenMAG) with an overall dimension of
100 nm were obtained from Chemicell, Berlin, Germany. The
SPIONs were synthesised by Chemicell (Berlin, Germany) using
a proprietary protocol converting acidic iron(II/III) salt into iron(II/
III) carbonate, followed by successive thermal reactions to produce
multidomain nanocrystals that were purified through magnetic
separation (Schlenk et al., 2017). The SPIONs consist of a
magnetite core covered with a lipophilic fluorescence dye and a
second layer of a hydrophilic polymer. Two types of nano-
screenMAG were used, starch coated (SC), with no overall
charge, a PDi of 0.3 and zeta potential of 0–5 mV, and anionic
(An) SPIONs, with a negative charge, a PDi of 0.3 and zeta potential
of −15 mV (Chemicell, Berlin, Germany).

Three different CNTs, as characterised and described previously
(Kouser et al., 2018; Pondman et al., 2014), were utilised:
unmodified, oxidised (Ox) and Carboxymethyl cellulose (CMC)
coated double walled carbon nanotubes a fewmicrometres long. The
CNTs were synthesised by catalytic chemical vapor deposition of a
mixture of CH4 and H2 at 1,000 °C on a Co:Mo MgO-based catalyst
and subsequent treatment with an aqueous HCl solution to remove
oxides and non-protected residual catalyst nanoparticles (Flahaut
et al., 2003). After washing on a filtrationmembrane (polypropylene,
0.45 µm), these CNTs have a zeta potential of 0.4 mV (Bortolamiol
et al., 2014). Briefly, for non-covalent functionalisation, wet CNTs
were added to a solution of carboxymethyl cellulose (CMC) in PBS
in a 1:1 ratio. Agglomerates were removed by centrifugation and
excess CMC was removed by vacuum filtration (Kouser et al., 2018).
For oxidised CNTs, a 1:1 w/v ration of wet CNTs and 3 M HNO3

(1 mg of dry equivalent of DWNTs per mL) was placed in an
ultrasonic bath for 30 min and refluxed at 130 °C for 24 h as
described by Bortolamiol et al. After cooling to room temperature,
the solution was washed and filtered (polypropylene, 0.45 µm)
(Bortolamiol et al., 2014). The ox-CNTs have a zeta potential
of −40 mV (Bortolamiol et al., 2014).

Citrate capped GNPs of varying dimensions were obtained from
BBI solutions, Kent, United Kingdom (20 nm and 60 nmGNPs) and
Sigma-Aldrich, Poole, United Kingdom (100 nm GNPs). All GNPs
were prepared using modified proprietary citrate reduction
protocols (www.bbisolutions.com and www.cytodiagnostics.com).
The 20 nmGNPs have a Z-average of 23.33 d.nm, a PDi of 0.069 and
a zeta potential of −33.9 ± 5 mV. The 60 nm GNPs have a Z-average
of 61.77, a PDi of 0.14 and zeta potential of −50.8 ± 12.9 mV. The
100 nmGNPs have a core size of 100 nm and a hydrodynamic size of
113 nm with a PDi of 0.04, and a zeta potential of −23 mV.

Nanoparticle suspension and working
concentrations

All NPs were suspended in PBS and dispersed in a water bath
sonicator for 1 h before injections. Working concentrations were
selected based on previously published in vivo toxicology studies.

CNTs
Deng et al. (2007) reported no adverse effects following injection

of functionalised multiwalled CNTs (600 nm in length) at doses up
to 24 mg/kg in male KunMing mice (Deng et al., 2007). Based on
this, CNTs were administered at a dose of 10 mg/kg in this study.

SPIONs
Chertok et al. (2008) used 100 nm SPIONs at a concentration of

12 mg/kg for magnetic field-guided delivery to gliomas in male
Fisher 344 rats whereas Prabhu et al. (2015) showed that a single
injection of up to 350 mg/kg in BALB/c Swiss Albino mice was non-
toxic (Chertok et al., 2008; Prabhu et al., 2015). Accordingly,
SPIONs were injected into larvae at 15 mg/kg.

GNPs
Sonavane et al. (2008) observed no toxicity 24 h after injecting

male ddY mice with various sizes of GNPs at concentrations as high
as 1 g/kg (Sonavane et al., 2008). However, Cho et al. (2009) reported
acute liver inflammation and apoptosis in mice at a dose of
4.26 mg/kg using 13 nm PEGylated GNPs (Cho et al., 2009).
Based on these findings, GNPs were administered at a
concentration of 5.6 mg/kg in this study.

GM in vivo nanoparticle toxicity

Sorting GM
Commercially available Galleria Mellonella larvae (Lepidoptera:

pyralidae, the greater wax moth) were acquired from LiveFood UK
Ltd. (Somerset, United Kingdom). Only sixth instar larvae of
indetermined sex (sexually dimorphic characteristics only emerge
during the pupal stage (Campbell et al., 2024), were used for
experiments, which do not require feeding and weigh
approximately 200 mg. Prior to use, larvae were sorted to discard
any damaged, already deceased, or pupated larvae and stored at
4 °C until use.

GM inoculations
Groups of 10 GM larvae were injected using a 22s-gauge

microlitre syringe (Hamilton, Reno, NV, USA) in the right or
left-hand side of the first set of prolegs. On day one, larvae were
inoculated with either 10 μL PBS (Fisher Scientific, Loughborough,
UK) (control group) or with one high dose of 10 μL 11 mM
cyclophosphamide (CTX) (Acros organics, Fisher Scientific,
Loughborough, UK) (used at a final concentration of 147 mg/kg).
Larvae were incubated at 37 °C for 24 h. On day two, larval groups
were inoculated with either 10 μL PBS (control) or 10 μL of the
relevant test NPs. Larvae were monitored at 37 °C over the course of
72 h post injection. Mortality was determined by complete
melanisation of the larval epicuticle and complete loss of motility
(McCarthy et al., 2017). Mortality was initially assessed each hour
for a total of 3 h, to measure acute NP toxicity. Thereafter, larval
mortality was assessed in hourly steps to acquire larval survival
numbers at 24, 48 and 72 h. In vivo NP toxicity assays were carried
out as three independent experiments for each NP variant with n >
45 GM larvae per test. Statistically significant differences between
larval survival were determined using the log-rank test (Prism 8.0,
GraphPad Software, San Diego, CA, USA).

GM inoculations with Pseudomonas aeruginosa
and Acinetobacter baumannii bacterial strains

GM bacterial assays were carried out with two gram-negative
hyper-virulent bacterial strains, P. aeruginosa PA14 and A.
baumannii AB5075 in conjunction with the immunosuppressant
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cyclophosphamide or 60 nm GNPs. Respective larvae were injected
in the first set of prolegs, with 10 μL PBS (Fisher Scientific,
Loughborough, UK), 10 μL cyclophosphamide at a concentration
of 0.0318 mg/10 μL (final concentration of 147 mg/kg) per larvae or
10 μL of 60 nm GNPs (final concentration of 5.6 mg/kg) and
incubated at 37 °C for 24 h. After 24 h, larval groups were
inoculated with 10 μL PBS (control) or 10 μL of serially diluted
PA14 or AB5075 cultures. Mortality was assessed each hour for a
total of 3 h, to measure acute NP toxicity. Thereafter, larval mortality
was assessed in hourly steps to acquire larval survival numbers at 24,
48 and 72 h. Mortality was determined as before. Larval haemocyte
quantification through flow cytometric analysis was done in
triplicate for the respective larval test conditions in three

independent NP toxicity assays. Similarly, in vivo toxicity of NPs
within the differing larval physiological conditions, were carried out
as three independent toxicity experiments.

Preparation of bacterial culture
To prepare the bacterial culture for subsequent GM

inoculations, 5 mL of Lysogeny broth (LB) medium (Sigma-
Aldrich, Poole, UK) was inoculated with PA14 or AB5075 and
the bacteria was left to grow overnight at 37 °C. Thereafter, the
bacteria were washed 3 times with PBS before injecting a
concentration of 3 × 104 CFU per larva for AB5075 and 22 CFU
per larva for PA14. Larvae were then incubated at 37 °C and
monitored over the course of 24 h.

FIGURE 1
Flow cytometry density plot charts, representing the events/cells gathered from PBS control larvae. (A) Cellular debris is eliminated by the forward
scatter/side scatter gatingmethod. (B) In addition, aggregated cells are identified due to their high side scatter and are eliminated to only obtain individual
cells. (C) All events/cells that are positive for the nuclear acid stain (PI) are visualised. (D) The polygon gate is applied to the PI positive events to confirm
cellular debris elimination.
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Nanoparticle distribution (in vivo)
To qualitatively analyse haemocyte proliferation/

immunotoxicity and for the visualisation of haemocyte-mediated
NP internalisation, the larval haemolymph was extracted 24 h post-
NP inoculation. Haemolymph from three larvae was pooled and
immediately fixed with 4% phosphate-buffered paraformaldehyde
pH 7 (PFA) to prevent cellular coagulation and haemolymph
oxidation. Extracted haemocytes were stained with HOECHST
33342 at 10 nM for the visualisation of cellular nuclei, and
AlexaFluor546 labelled Wheat Germ Agglutinin (WGA) for the
visualisation of the plasma membrane, as per manufacturer’s
guidelines (ThermoFisher, UK). Haemocytes were imaged with a
DM400 fluorescent microscope (Leica, Wetzlar, Germany) using
LAS software using the appropriate fluorescent channels and
brightfield imaging. Confocal images were acquired with a Nikon
Eclipse TE2000-S confocal microscope with 60x oil lens.

GM haemocyte quantification
For flow cytometry, the haemolymph of three larvae from each

experimental group was extracted, pooled and immediately fixed by
adding 350 μL of 4% PFA to prevent oxidative discolouration and
coagulation. Samples were incubated for 20–30 min on ice. To
isolate haemocytes, samples were centrifuged at 4 °C for 5 min at
3,000×g. After washing the pelleted cells with PBS, cells were
resuspended in 500 µL of PBS containing 2 ng/μL propidium
iodide (PI) (Sigma-Aldrich, Poole, UK). The stain was used as
secondary confirmation of debris removal during flow cytometry
analysis, Figure 1. Samples were analysed on a NovoCyte flow
cytometer (Agilent technologies, Santa Clara, United States).

The number of events/cells for each experimental group was
acquired via polygon gating of the subsequent density plot charts,
which display the axes of forward scatter height and side scatter
height, Figure 1. Total haemocyte count (THC) per µl of the sample
was calculated for each experimental group to determine haemocyte
concentration. Cellular concentration was calculated by dividing the
number of viable cells by the volume of sample analysed.

Histological analysis

Groups of larvae were inoculated with PBS for the negative
control or the appropriate test CNTs as stated above. Larvae were
then incubated at 37 °C for 24 h. Larvae were fixed inside 15 mL
falcon tubes to avoid significant body bending (2% PFA overnight at
4 °C). Larvae were then rinsed in PBS and euthanised by freezing
at −20 °C for approximately 30 min. Thereafter, frozen larvae were
embedded in OCT embedding compound (Fisher Scientific,
Loughborough, UK) at −27 °C for 30 min. OCT blocks were
sectioned at 20 µm on a Leica CM1860 Cryostat (Leica, Wetzlar,
Germany) and the resulting GM cryosections were collected on
snowcoat microscope slides (Leica, Wetzlar, Germany). The sections
were stained with haematoxylin and eosin (H&E) per standard
protocols and analysed using a Cytation 5 automated imaging
microscope (Agilent technologies, Inc., Santa Clara, USA). Low
and higher magnification images were acquired using
an ×4 and ×10 PL FL phase objective, respectively. Scoring of the
images was done in duplicate with one researcher blinded to which
sections were obtained from CNT injected larvae.

In vivo measurement of NP induced ROS
production

For the quantification of NP induced cellular Reactive Oxygen
Species (ROS, GM larvae were injected with the test NPs as
described above. Injected larvae were incubated for 24 h at 37 °C.
Thereafter, larval haemolymph was extracted and placed in
Eppendorf tubes containing acid citrate dextrose (ACD) solution
(Sigma-Aldrich, Poole, UK) as anticoagulant solution at a final
concentration of 10% of extracted haemolymph volume and kept
on ice. Haemolymph samples were centrifuged at 2,800 rpm for
5 min at 4 °C, to pellet the cells. The supernatants (larval plasma)
were removed, aliquoted into Eppendorf tubes, snap frozen using
liquid nitrogen and stored at −80 °C.

The levels of 4-hydroxynonenal (4-HNE) were measured using a
4-HNE ELISA kit (cat. no. E-EL-0128; Elabscience Biotechnology,
Co., Ltd.), according to manufacturer’s instructions and normalised
to total protein content. Protein concentration of larval plasma was
determined with a micro-Bradford protein assay (Bio-Rad, London,
UK) according to the manufacturer’s instructions using BSA as
standard curve. Plasma samples from larvae injected with PBS were
used as negative control and plasma from larvae injected with 10%
hydrogen peroxide were used as positive control. The 4-HNE assay
was developed according to the manufacturer’s instructions and
optical density (OD) values were acquired using a Bio-Rad
microplate reader (Bio-Rad, London, UK) at emission wavelength
of 450 nm. 4-HNE levels were determined using a 4-HNE standard
curve and displayed as ng/mL after normalisation to
protein content.

Statistical analysis

Data was generated from a minimum of 10 larvae per condition
with two biological replicates per experiment. Power calculations
assumed that between 40%–60% of larvae would die. A minimum
of three independent experiments was carried out before data was
pooled and averaged. All experiments included vehicle treated controls,
which were used for comparison. Statistical tests were performed using
Prism 8.0, GraphPad Software, San Diego, CA, USA. For survival
curves, percentage of survival was compared to control group using the
Log Rank (Mantel-Cox) statistical test to determine significance. For
THC, data is presented as mean count/μl haemolymph ±SD. Standard
unpaired T-tests with Welch’s correction was used, when comparing
independent datasets. One-way ANOVA followed by Tukey’s multiple
comparisons test was used to compare independent dataset across
multiple groups. Differences between independent datasets were
deemed to be of significance when P-value <0.05.

Results

Cyclophosphamide exerts
immunosuppressive effects in G.
Mellonella larvae

To investigate the possibility to induce immunosuppression
in GM larvae, we injected larvae with 147 mg/kg of the
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immunocytotoxic drug cyclophosphamide (CTX). The CTX
concentration was based on those used in animal studies to
obtain immune suppression (Huyan et al., 2011).
Haemolymph was extracted after 24 h to numerate total
circulating haemocyte counts (THC) by flow cytometry. GM
larval survival was assessed over 72 h (Figure 2). CTX
treatment induced a mild (4%) but significant (p < 0.5) toxic
effect on the larvae (Figure 2B), whereas a strong suppression of
haemocyte numbers was observed (−46%, n = 3 independent
experiments, p < 0.001) (Figure 2A). These results demonstrate
that CTX can be used in GM larvae to induce immune
suppression at concentrations comparable to those used in
rodent models.

Systemic in vivo toxicity of selected
nanoparticles in G. Mellonells larvae

Different synthetic nanoparticles were used to study
their systemic toxicity and immune toxicity in comparison to
CTX. NP concentrations were chosen to be in line with
published in vivo toxicology studies (Deng et al., 2007;
Chertok et al., 2008; Sonavane et al., 2008). Based on these
studies, commercially available SPIONs and GNPs were injected
at concentrations of 15 mg/kg (SPIONs), and 5.6 mg/kg (GNPs).
CNTs were used at 10 mg/kg. GM larval survival was assessed
over 72 h. As shown in Figure 3, Kaplan Meier survival curves
demonstrate varying levels of systemic toxicity, which is

FIGURE 2
CTX induced immunosuppression in GM-larvae. GM larvae were injected with 147 mg/kg of the immunocytotoxic drug CTX. (A) Haemolymph was
extracted after 24 h to numerate total circulating haemocyte counts (THC) by flow cytometry. THC was reduced by 46% compared to PBS controls (n =
3 independent experiments). Error bars show standard deviation. Asterixis represent statistically significant differences in THC in unpaired t-test (pppp:
p-value <0.0001). (B)GM larval survival was assessed over 72 h. CTX treatment induced amild (4%) but significant (p < 0.05) toxic effect on the larvae
(n = 3 independent experiments with >45 larvae per condition). Asterisks represent a statistically significant difference in larval survival, when compared to
the relevant control, in a Log-Rank (Mantel- Cox) test (p: p-value <0.05).

FIGURE 3
Larval survival analysis to determine in vivo toxicity of NPs. Kaplan-Meier survival curves, presenting percentage survival of GM larvae over 72 h after
injection of NPs, n ≥ 45 larvae per condition with n = 3 independent experiments. Asterisks represent a statistically significant difference in larval survival,
when compared to the relevant control, in a Log-Rank (Mantel- Cox) test (pp: p-value <0.01; pppp: p-value <0.0001). (A) Survival of larvae injected with
15 mg/kg SPIONs (starch-coated and anionic charged) was assessed in controls (PBS injected) and immunosuppressed (CTX-treated) larvae. (B)
Percentage survival of GM larvae after injection with 10 mg/kg CNTs (oxidised, unmodified and CMC-coated) in controls (PBS injected) and
immunosuppressed (CTX treated). (C) Percentage survival of GM larvae after injection with 5.6 mg/kg GNPs of differing sizes (20, 60 and 100 nm) in
controls (PBS injected) and immunosuppressed (CTX-treated) larvae.
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dependent on NP size, composition, and immunological
state of the larvae. For SPIONs, the survival curves show that
starch coated (SC) SPIONs induce limited toxicity, with no
significant larval death observed in the control and post-
immune suppression with CTX (3.4%–12% increase in
larval death compared to control, Figure 3A). In contrast,
An-SPIONs caused significant larval mortality in the control
group (16% above baseline), which was slightly reduced
following CTX-induced immunosuppression (12.8% above
baseline, Figure 3A).

All CNTs induced significant larval death, with unmodified
CNTs being the most toxic and oxidised CNTs the least (39% and
11% respectively). However, after immunosuppression with CTX,
no significant larval death was observed for all tested CNTs
(Figure 3B). GNPs, on the other hand, induced significant larval
death in the controls with the exception of the 100 nm size GNPs
(Figure 3C). Post-immunosuppression with CTX, an additive
negative effect of CTX and GNP injection was observed for the
100 nm GNPs (from 7.8% to 31%) whereas for the smaller size
GNPs this effect was variable, resulting in no effect (20 nm) or a
reduction in toxicity (from 36% to 25.2%) for the 60 nm
GNPs (Figure 3C).

Cyclophosphamide treatment increases
immunotoxicity of charged gold- and iron
nanoparticles in G. Mellonella larvae

NPs strongly interact with both the innate and adaptive immune
systems (Engin and Hayes, 2018). Direct immunotoxicity results in
immune suppression (Ngobili and Daniele, 2016). To determine the
effect of injectedNPs onGM larvae’s innate immune system, haemocytes
were isolated 24 h after treatment to measure changes in THC by
flow cytometry.

All SPIONs induced a significant decrease in THC, which was
exacerbated post-treatment with CTX (Figure 4A). In contrast,
CNTs (oxidised, unmodified and CMC coated) did not induce a
significant change in THC. However, differently to what was

observed with the SPIONs, pre-treatment of GM larvae with
CTX had no influence on the increase in THC count after
injection with oxidised and CMC-CNTs, with both treatments
inducing a statistically significant increase in THC (Figure 4B). All
GNPs induced significant decreases in THC. This effect was
synergistic with the CTX treatment since further decreases in
THC were observed in the 20, 60 and 100 nm GNPs treated
samples (Figure 4C). Treatment with the 60 and 100 nm GNPs
alone reduced THC to a level comparable to that observed with
CTX treatment.

FIGURE 4
Flow cytometric analysis of isolated larval haemocytes to determine Total Haemocyte Count. Graphs presenting mean GM larval THC content per
microlitre +/− SD for (A) SPIONs, (B) CNTs and (C) GNPs, in both the control and after treatment with CTX for 24 h prior to injection of NPs. THC was
measured via flow cytometry analysis 24 h post-NP injections. Controls were injected with only PBS. Asterisks represent a statistically significant
difference when compared to the relevant control, in an unpaired t-test (p: p-value <0.05; pp: p-value <0.01; ppp: p-value <0.001; pppp:
p-value <0.0001). Results from n = 3 independent experiments are shown. Flow cytometric analysis was carried out on duplicate samples from
each sample.

FIGURE 5
4-HNE-ELISA measuring generation of ROS in vivo. Graph
presenting larval plasma 4-HNE concentrations (ng/mL), measured in
plasma samples acquired from groups of larvae, 24 h post-larval
injections with either SC-SPIONs or An-SPION, 100 nm GNPs,
CNTs and CMC-CNTs. The figure presents mean concentration ±SD
of two independent experiments, assayed in duplicate and normalised
to protein content. Asterisks represent statistically significant
difference when compared to the PBS control, in an unpaired t-test
(p: p-value <0.05)
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Nanoparticles induce reactive oxygen
species production in vivo in G.
Mellonella larvae

NP immunotoxicity/immunomodulation has been demonstrated
in multiple studies, with the most common mechanism being the
induction of oxidative stress due to the excessive generation of
intracellular ROS and subsequent activation of inflammatory
responses (Wang Y.-L. et al., 2024). To quantify NP-induced bursts
in cellular ROS production in vivo, we conducted a 4-HNE ELISA using
isolated larval plasma samples. Plasma samples from larvae treated with
hydrogen peroxide were used as positive control. Samples from larvae
injected with SC-SPIONs, An-SPIONS, 100 nm GNPs and CMC-
CNTs, showed an increase in 4-HNE concentration when compared to
the negative control (Figure 5). However, under these experimental
conditions, only plasma samples from larvae treated with hydrogen
peroxide (positive control) yielded statistically significant results. These
findings indicate that theNPs only induce amild increase in tissue ROS.

In vivo uptake of selected nanoparticles into
G. Mellonella haemocytes

To assess the effect of NP exposure on the GM immune system,
haemocytes were isolated 24 h after NP injection and either
assessed with confocal microscopy to image cellular uptake of
fluorescent SPIONs or brightfield imaging for GNPs and CNTs.
Single confocal sections show cellular uptake of fluorescent Sc-
SPIONs in GM haemocytes treated with 15 mg/kg SC-SPION. The
SC-SPIONs were distributed throughout the cytoplasm and
accumulated in the perinuclear region (Figure 6A). A similar
distribution was observed for the An-SPIONs (data not shown).
Brightfield images of haemocytes isolated from larvae treated with
10 mg/kg CNTs showed altered morphology compared to control
haemocytes. In addition, haemocytes from CNT-treated larvae
were clustered around CNTs (Figure 6B). In contrast, brightfield
images of haemocytes isolated from GNP injected larvae
(5.6 mg/kg) show similar morphology to control haemocytes
(Figure 6C). Only larger size GNPs can be seen as dark spots
associated with the cells.

Differential tissue accumulation of carbon
nanotubes in G. Mellonella larvae

CNTs have been shown to significantly accumulate in animal
tissues (Aoki and Saito, 2020). To assess CNT distribution in GM
larvae, frozen cryosections were taken along the larval rostro caudal
(RC) axis and stained with H&E to detect CNT localisation. CNTs
are easily distinguishable from the surrounding tissue due to their
relative darkness under bright field (Figure 7).

At 24 h post-injection, larvae inoculated with PBS displayed a
healthy anatomical phenotype with no noticeable changes in organ
localisation and anatomical shape (Figure 7), as previously reported
(Kristensen, 2003). In contrast, oxidised CNTs were localised in
small aggregates located in close proximity to the Malpighian
tubules. CMC-CNTs were localised in larger aggregates within
striate muscle fascicles of the larval prolegs. Similarly, unmodified

CNTs localised in large aggregates in close proximity to the striate
muscle fascicles.

In summary, CNTs are mainly associated with the outer wall of
the digestive tract, muscle fascicles and the Malpighian tubules,
whilst the lumen of the digestive tract appears to be clear of any
CNT deposits.

Immunosuppression in G. Mellonella larvae
differentially alters responses to bacterial
infection with Pseudomonas aeruginosa and
Acinetobacter Baumannii

Challenging GM larvae with the hyper-virulent P. aeruginosa
(PA14) or Acinetobacter Baumannii strain (AB5075) reference
strains (Figure 8) induced a significant increase in THC
compared to the PBS control. This effect was supressed by
preincubation with CTX for 24 h in PA14-treated samples
(Figure 8A), whereas in AB5075-injected larvae, the THC count
stayed elevated despite immunosuppression (Figure 8B). Pre-
treatment with 60 nm GNPs for 24 h induced a highly
significant decrease in THC with a pronounced suppression of
the THC increase in response to PA14 but not to AB5075
(Figures 8A,B).

For PA14-exposed larvae, immunosuppression translated into
an increase in larval death, and a similar trend was observed after
pre-treatment with 60 nmGNPs. AB5075-injected larvae did not die
to a significant extent and were protected from
immunosuppression-elicited death (Figure 8D). Analysis of
haemocyte morphology (Figure 8C) revealed changes to the
appearance of the cells extracted from the treated larvae. While
haemocytes from larvae treated with PA14 appeared enlarged with
increased levels of filopodia, the cells extracted from AB5075 treated
larvae were small and round. Pre-treatment with 60 nm GNPs
enhanced appearance of extracellular material permeating from
haemocytes in PA14, but not in AB5075 treated larvae whereas
pre-treatment with CTX reduced cell aggregation in PA14 samples,
but induced appearance of extracellular material in AB5075 samples,
which could also be observed in haemocytes extracted from larvae
treated only with CTX.

Discussion

With the rapid expansion of nanotechnology, efficient and
accurate toxicity assays are essential for the use of NPs in the
clinic. Although rodent models provide valuable insights, they are
costly and limited by ethical concerns. In this study, GM larvae were
used as a non-rodent, in vivo alternative to assess nanotoxicity under
immune suppression. We demonstrated here the usefulness of the
GM model to study NP toxicity and responses to nosocomial
infection under immunosuppression. CTX, one of the most used
agents in cancer chemotherapy and for the treatment of
immunological disorders, robustly reduces THC in GM larvae
within 24 h with only mild overall toxicity (Figure 2B).

Due to the similarities between the innate immune cellular
components in GM larvae and mammals, larval THC was used
as an indicator of NP immunotoxicity/immunosuppression.
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Significant levels of immunotoxicity were observed for both SPION
variants (Figure 4A); however, it was more significant for An-
SPIONs, both in control and CTX-treated larvae and translated
into significant larval death 72 h post-inoculation (Figure 3A). This
difference in toxicity is most likely due to the lack of biocompatible
coating in An-SPIONs, as various surface modifications of
magnetite NPs are known to increase their biocompatibility
(Singh et al., 2010). Furthermore, the immunotoxic effect could
be due to increased levels of cellular oxidative stress, alterations of
the cytoskeleton and genotoxicity in response to NP uptake (Singh
et al., 2010). Fluorescent microscopy imaging shows that GM larval
haemocytes avidly internalise NPs (Figure 6A) with internalised
SPIONs localised throughout the cytoplasm and in close proximity
to the cell nucleus. Interestingly, data reviewed by Shah and
Dobrovolskaia indicates that iron oxide nanoparticle
accumulation in rat alveolar macrophages and
RAW264.7 macrophage like cells induced widespread
reprogramming of genes involved in oxidative stress and

inflammation (Shah and Dobrovolskaia, 2018). However, Stroh
et al. showed that oxidative stress is a transient event, linked to
free iron concentration in the cells, which does not lead to long-term
cytotoxicity (Stroh et al., 2004).

To investigate and measure cellular ROS production in the
larvae, we conducted an in vivo assay to quantify cellular ROS in
response to NP exposure and/or cellular uptake (Zhang et al., 2011).
A 4-HNE-lipid peroxidation ELISA was used for the first time in
conjunction with GM larval biological samples. This assay showed
that at the used concentrations, SPIONs only lead to limited ROS
generation 24 h post-treatment (Figure 5). Our results are thus in
line with the in vitro data obtained by Stroh et al. (2004). However,
our results clearly demonstrate a negative effect on larval
haemocytes that is exacerbated by CTX, which could be due to
increased SPION uptake in CTX-treated larvae. This suggests that
cellular responses, including endoplasmic reticulum stress,
mitochondrial damage, and autophagy are affecting haemocyte
survival (Park et al., 2014). An increase in ROS production

FIGURE 6
Uptake of NPs into GM haemocytes 24 h post-injection. Haemocytes isolated from plasma samples from larvae injected with 15 mg/kg SC-SPION
were fixed and stained with AlexaFluor546-labeled WGA to reveal the plasma membrane (red). The nucleus was stained with Hoechst 33342 (blue). (A)
single confocal section is shown, scale bars 10 μm. (y and x) orthogonal views of the same confocal image taken at the lines indicated in (A) demonstrate
uptake of fluorescent SC-SPION (green, arrows). (B) Brightfield images of haemocytes isolated from larvae treated with 10mg/kg CNT show altered
morphology compared to control haemocytes and are clustered around CNTs (dark spots, arrows). (C) Brightfield images of haemocytes isolated from
GNP injected larvae (5.6mg/kg) have similarmorphology to control haemocytes. Only larger sizeGNPs can be seen as dark spots associatedwith the cells
(arrows; scale bar 15 μm). Representative images of n = 3 independent experiments with three biological replicates per experiment are shown.
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similar to treatment with SPIONs was observed in larvae injected
with 100 nm GNPs (Figure 5). The 100 nm GNPs also induced a
comparable effect to the An-SPIONs on THC and larval survival,
reflecting the lack of biocompatible coating and the overall negative
charge of these NPs (Figures 3C, 4C). In general, GNPs showed a
size-dependent effect on THC, with both 60 nm and 100 nm GNPs
inducing a strong THC depletion. This immunotoxic effect has also
been observed in vitro with human peripheral blood lymphocytes
and murine splenic lymphocytes, which were significantly inhibited
by GNPs at a concentration of 200 mg/kg (Devanabanda
et al., 2016).

While significant decreases in larval THC were observed across
all tested GNPs, only the 20 and 60 nm GNPs induced significant
larval death, whereas the 100 nm variant showed only mild
systemic toxicity (Figure 3C). This is in line with the study by
Vecchio et al. that assessed toxicity of citrate capped GNPs of
different sizes (5, 15, 40 and 80 nm) in D. melanogaster (Vecchio

et al., 2012). While the flies were ingesting the GNPs with their
food, the results clearly demonstrate a size dependent toxicity with
a strong reduction of Drosophila lifespan, while a concentration
dependent toxicity was observed for the presence of DNA
fragmentation and changes in expression of genes linked to
stress response, DNA damage and apoptosis (Vecchio et al.,
2012). Furthermore, Isoda et al. assessed toxicity in mice
treated with 10, 50 and 100 nm GNPs and their results showed
that 10 and 50 nm GNPs cause kidney damage, while the 100 nm
GNPs did not cause any systemic effect (Isoda et al., 2020). In our
experiments, all GNP variants showed enhanced systemic toxicity
after immunosuppression with CTX (Figure 3C). However, the
effect varied and was highest for the 100 nm GNP. This could be
due to the fact that these GNPs are more efficiently removed in
immune competent larvae whereas in immunosuppressed larvae,
the lack of immune cell uptake and systemic removal could induce
greater levels of systemic toxicity.

FIGURE 7
Histochemical analysis of larval cryosections showing in vivo CNT accumulation. Histological analysis of CNT distribution 24 h post-injection in GM
larvae. H&E stain of 20 μmcryosections along the rostro-caudal axis taken 24 h after injection of 10mg/kg CNTs. Larvae sections present tail, middle and
head. ×4magnification overview photomicrographs of the injected larva are shown in the coloured bright field (CBF) channel (scale bars 1,000 μm)where
the aggregated CNTs are identifiable by their relative darkness (indicated by square). For comparison, an overview photomicrograph of a larva
injected with vehicle (PBS) is shown. The zoomed in overlay of the CBF shows ×10magnification photomicrograph detailing CNT localisation indicated in
the square.
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The highest level of 4-HNEwas observed in the CMC-CNT treated
samples, with 4-HNE concentrations comparable to the positive
control. Conversely, in the unmodified CNTs 4-HNE increases
were negligeable. This data is in line with a study by Hsieh and
Jafvert demonstrating that coated single-wall CNTs greatly enhance
the rate of superoxide formation, which is not simply based on charge,
but most likely due to the increased ability of the coated CNTs to
scavenge ROS and in turn to generate greater quantities of more stable
ROS (Hsieh and Jafvert, 2015). Furthermore, CMC-CNTs were more
avidly taken up by the larval haemocytes than the other variants
(Figure 5B), increasing the likelihood of cellular ROS production in an
effort to clear them from the cells (Qi et al., 2024). Additionally,
Meunier et al. have shown that phagocytosis of unmodified double-
walled CNTs by human monocytes is necessary to induce IL-1β
secretion, which stimulates a strong inflammatory response
(Meunier et al., 2012). This inflammatory response is higher in
CNTs with reduced solubility (Dumortier et al., 2006) and most
likely explains the lack of THC reduction that we observed in
larvae treated with the CNT variants (Figure 4B). Interestingly,

CTX pre-treatment did not suppress THC (Figure 4B), indicating
that there was a strong activation of the larval innate immune system
by all tested CNT variants leading to a systemic inflammatory
response. Despite a lack of effect on THC in CNT-treated larvae,
CTX pre-treatment reduced larval death, an effect that was more
pronounced in larvae treated with the unmodified CNTs (from 54% to
15%), whereas for both CMC-CNT and ox-CNTs, this protective effect
was more limited. These results highlight the importance of CNT
dispersion not only on larval death (27% CMC-CNTs and 20% ox-
CNTs compared to 54.7% for the unmodified CNTs), but also on the
innate immune response (Figure 4B). Furthermore, an increased
clearance of CNTs by haemocytes could contribute to the increased
larval survival in CTX-treated larvae. In mammals, CTX was shown to
enhance the population of monocytes undergoing active endocytosis,
thus leading to enhanced clearance by liver and spleen of IgG-
sensitized erythrocytes (Ziccheddu et al., 2013; Palermo et al., 1991;
Giordano and Isturiz, 1983).

In addition to innate immune-mediated inflammatory
responses, the observed systemic toxicity (Figure 3B) could

FIGURE 8
Flow cytometric survival andmorphological analysis of isolated larval haemocytes to determine THC and survival after immune challenge. (A)Graph
representing changes to GM larval THC, induced by CTX, P Aeruginosa PA14 and 60 nm GNP treatments either alone or in combination. (B) Graph
representing changes to GM larval THC, induced by CTX, A Baumannii AB5075 and 60 nm GNP treatments either alone or in combination. THC was
measured via flow cytometry analysis, 24 h post-bacterial inoculations in duplicates. As controls, THC of larvae injected with only PBS, CTX or 60 nm
GNPs was measured. Mean THC from three independent experiments +/-SD with three biological replicates are shown. Asterisks represent a statistically
significant difference when compared to the relevant control, in an unpaired t-test (p:p-value <0.05; pp:p-value <0.01; ppp:p-value <0.001;
pppp:p-value <0.0001). (C)Representative Brightfield images of larval haemocytes taken from the same experiments show haemocytemorphology. Scale
bars 15 μm. Changes to haemocyte morphology are indicated with white and black arrows. White arrows point to cells with increase appearance of
filopodia and clustering. Black arrows point to extracellular material permeating from the haemocytes. (D) Survival of GM larvae treated with CTX, CTX, P
Aeruginosa PA14, A Baumannii AB5075 and 60 nmGNPs either alone or in combination was analysed by determining percentage of live/dead larvae 24 h
after treatment, n = 3 independent experiments with >45 larvae per condition, error bars show standard deviation.
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also be due to the in vivo accumulation of CNTs, contributing to
larval death. Histochemistry is commonly carried out on paraffin
embedded whole body sections of GM larvae to investigate host-
pathogen interactions (Perdoni et al., 2014), progression of
pathogen infection in vivo (Djainal et al., 2020) and pathogen
invasiveness with cryo-imaging (Sheehan et al., 2018). In this
study, we utilised for the first time histological analysis on GM
larval cryo-sections stained with H&E, which show CNT
aggregates localised in close association with the digestive
tract, striate muscle fascicles and the Malpighian
tubules (Figure 7).

To measure the effect of immunosuppression caused by NPs in
the context of bacterial infection, we used 60 nm GNPs. These NPs,
which are close in size to those used in commercial lateral flow
assays, showed robust immunosuppression (Kim et al., 2016). GM
larvae are highly susceptible to P. aeruginosa PA14 infections
whereas higher CFU are tolerated for A. baumannii AB5075
(Tsai et al., 2016). When the GM larval innate immune system
was challenged with these nosocomial infection causing bacteria, a
significant increase in larval THC was observed (Figure 8A). For P.
aeruginosa, this increase was not observed after CTX- or 60 nm
GNP-induced immunosuppression whereas A. baumannii
induced THC increases even after immune suppression
(Figure 8A). This result highlights similarities to human
infection and findings in rodent models, where A. baumannii
triggers a strong increase in cytokine release (Wang H. et al.,
2024). P. aeruginosa infections on the other hand show a strong
induction of neutrophil recruitment to the site of infection with
extensive formation of neutrophil extracellular traps (NETs)
(Kamoshida et al., 2015). Interestingly, we saw an increase in
extracellular material resembling the NETs observed in
mammalian host surrounding haemocytes isolated from
PA14 treated larvae especially after pre-treatment with 60 nm
GNPs (Figure 8C). At the tested concentrations, reduction in larval
survival after immunosuppression was only observed in P.
aeruginosa infected larvae, which, however, did not reach
statistical significance (Figure 8B). It is important to note that
we used sublethal bacterial doses for both bacteria species, which
allowed us to investigate the immediate early effects of infection
(Ambrosi et al., 2020), including THC count.

NP-induced immunosuppression through direct immune
interaction is often overlooked. Metal oxide NPs, like SPIONs,
show immunosuppressive and anti-inflammatory properties - e.g.,
IONPs reducing humoral immune responses (Shah and
Dobrovolskaia, 2018). Noble metal NPs, such as GNPs, interact
with both innate and adaptive immune components, but their
immunosuppressive mechanisms remain underexplored (Ngobili
and Daniele, 2016; Wang Y.-L. et al., 2024). Depending on the
context, NP-induced immunosuppression can be beneficial (e.g.,
enhancing drug efficacy, treating autoimmune diseases, improving
transplant tolerance) or harmful (e.g., reducing host defences against
infections or cancer) (Pondman et al., 2023). It is thus important to
evaluate the immunosuppressive effect of novel NP formulations. Our
results confirm the importance of NP coating to reduce toxicity.
However, they also demonstrate that not all coatings have the
anticipated effect as further physical features, such as dispersibility
and tissue uptake, are important factors to take into consideration
when developing novel nanotherapeutics. While our study sheds light

on the immediate early effects of NP immunotoxicity, more work
needs to be done to elucidate themolecularmechanisms leading to the
observed immunosuppression elicited by GNPs and SPIONs and the
long-term effects of immunosuppression in the larvae. Future work
could include a quantification of the NP retention in the larvae
including development defects.

In summary, our study shows that GM larvae provide a valuable
intermediate model to assay NP in vivo toxicity, enabling more
accurate predictions of their behaviour in whole organisms and their
immunomodulating potential.
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