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Abstract 

During the last decades, nanoparticles (NPs) have been widely used in various fields, especially in 

medical applications such as drugs, imaging agents, and drug-delivery carriers. However, they also raised 

public concerns regarding the potential adverse influences on human health. Collective efforts from 

worldwide researchers in materials and biological science have been invested in investigating the toxicity 

mechanisms of different NPs.  

In this thesis, we dedicated major efforts to apply (Caenorhabditis elegans) C. elegans as a robust and 

simple model organism for toxicity assessments of assorted NPs. The general objective of this thesis was to 

study effects of food availability on nano-bio interactions between superparamagnetic iron oxide 

nanoparticles (SPIONs) or 10 nm AuNPs and C. elegans, and prove that this small animal can be used to 

study alimentary effects.  

Firstly, we studied the effects of food availability on toxicities induced by exposure to SPIONs after 24 h 

(acute exposure) or 72 h (prolonged exposure). We found that food provided some protection to C. elegans 

determined by measuring multiple toxicity endpoints such as survival and reproduction. Worms in the acute 

exposure condition had a higher uptake efficiency of SPIONS facilitated by food compared with the condition 

without the addition of food. The utilization of synchrotron Fourier transform infrared microspectroscopy 

(SR-μFTIR), allowed us to demonstrate that long-exposure (24 h versus 4 h) and high concentrations of 

SPIONs (500 µg/mL versus 100 µg/mL) induce more severe oxidative stress determined by increased levels 

of lipid oxidation. 

Secondly, we investigated food’s influences on worms after 24 h exposure to 10 nm AuNPs. The 

protective role of food was identified in reducing toxic effects, such as survival and reproduction. Using SR-

μFTIR, we found that small-sized AuNPs (10 nm versus 150 nm) or long-exposure (24 h versus 4 h) caused 

an increased level of lipid oxidation which was related to responses against oxidative stress. On the other 

hand, we preliminarily evaluated the possibility of performing the photothermal therapy in worms 

containing 150 nm AuNPs. We found photoablated damages on the laser irradiation spots of worms, 

suggesting that multiple experimental settings needed to be optimized.  

At the end of the thesis, also we presented some collaborations where we performed some experiments 

with different nanomaterials such as lutein and (metal-organic frameworks) MOFs and evaluated them on 

C. elegans. We studied antioxidative properties of lutein in C. elegans disease models associated with Leigh 

Syndrome and demonstrated the possibility to apply synchrotron Fourier transform infrared 

microspectroscopy (SR-μFTIR) on this topic. On the other hand, we performed the preliminary toxicity 

assessment of MOFs, MIL-127 and chitosan (CS) coated MIL-127 (CS-MIL-127). Additionally, we investigated 

about effects of the chitosan (CS) coating on C. elegans’ uptake and excretion efficiencies of MIL-127 and 

CS-MIL-127. We reported the potential of applying C. elegans as an oral administration model of studying 
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metal-organic frameworks’ (MOFs’) in vivo toxicities. 

In summary, food availability could decrease adverse effects, partially associated with oxidative stress, 

induce by SPIONs or AuNPs on C. elegans. It also suggested that C. elegans has a great potential of being 

employed as an oral administration model of testing various materials. Furthermore, combined with other 

advanced techniques, we could have a more general understanding of the toxicity mechanism and broaden 

the application range of material science techniques for biological research. 
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Resumen 

Durante las últimas décadas, las nanopartículas (NPs) se han utilizado ampliamente en distintos campos, 

especialmente en aplicaciones médicas como fármacos, agentes de formación de imágenes y como 

liberadores de fármacos. Sin embargo, también han planteado dudas respecto a las posibles reacciones 

adversas sobre la salud humana. Así, se han realizado grandes esfuerzos de investigación en el campo de las 

ciencias biológicas para elucidar los mecanismos de toxicidad de distintas NPs. 

En este trabajo de Tesis, hemos dedicado esfuerzos a aplicar el (Caenorhabditis elegans) C. elegans como 

un organismo modelo robusto y simple para las evaluaciones de toxicidad de NPs. El objetivo general de 

esta tesis ha sido estudiar la interacción de la comida de estos gusanos con las NPs. En particular, el estudio 

de las interacciones nano-bio entre nanopartículas de óxido de hierro superparamagnéticas (SPIONs) o 

AuNPs de 10 nm en C. elegans alimentados o no; así demostrar que este pequeño animal puede utilizarse 

para estudiar efectos alimentarios. 

En primer lugar, estudiamos los efectos de la disponibilidad de alimento sobre las toxicidades inducidas 

por la exposición de SPIONs tras 24 h - exposición aguda - o 72 h - exposición prolongada. Descubrimos que 

la comida brinda cierta protección a los C. elegans, la cual se determinó midiendo la supervivencia y la 

reproducción. Los gusanos en la exposición aguda tuvieron una mayor eficiencia de absorción de SPIONs 

facilitada por la comida en comparación con la condición sin alimento. La utilización de la 

microespectroscopía infrarroja de Sincrotrón (SR-μFTIR) nos permitió demostrar que la exposición 

prolongada (24 h versus 4 h) y altas concentraciones de SPIONs (500 µg/mL versus 100 µg/mL) inducen un 

estrés oxidativo más severo debido a el aumento de la oxidación de lípidos. 

En segundo lugar, investigamos las consecuencias de la ingesta de comida sobre los gusanos después de 

24 h de exposición a AuNP de 10 nm. Se identificó el papel protector de los alimentos en la reducción de 

efectos tóxicos. Usando SR-μFTIR, encontramos que las AuNPs de pequeño tamaño (10 nm frente a 150 nm) 

o la exposición prolongada (24 h frente a 4 h) causaron un mayor nivel de oxidación de lípidos que se 

relacionó con las respuestas contra el estrés oxidativo. Por otro lado, evaluamos preliminarmente la 

posibilidad de realizar la terapia fototérmica en gusanos que contenian AuNP de 150 nm. Encontramos 

daños por fotoablación en los puntos de irradiación láser sobre los gusanos, sugiriendo que se podría usar 

este gusano para evaluar NPs, pero para ello es necesario optimizar la configuración experimental. 

En la parte final, presentamos algunas colaboraciones donde realizamos experimentos con diferentes 

nanomateriales como luteína y metal-organic frameworks (MOFs), evaluados empleando C. elegans. 

Estudiamos las propiedades antioxidantes de la luteína en C. elegans modificados para ser modelos de 

enfermedades asociadas con el síndrome de Leigh y demostramos la posibilidad de aplicar microscopia de 

infrarrojo (SR-μFTIR) en estos estudios. Por otro lado, realizamos la evaluación preliminar de toxicidad de 

MOF, MIL-127 y CS-MIL-127 recubierto de quitosano (CS). Además, investigamos los efectos del 
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recubrimiento de CS en la absorción y excreción por los C. elegans.   

En resumen, hemos encontrado que la disponibilidad de comida puede disminuir los efectos adversos, 

parcialmente asociados con el estrés oxidativo, inducidos por SPIONs o AuNPs en C. elegans. Nuestros 

resultados también sugieren que los C. elegans tienen un gran potencial como modelo de administración 

oral ya que pueden emplearse para probar diferentes materiales. Además, en combinación con otras 

técnicas avanzadas, nos pueden ayudar a comprender de forma más general los mecanismos de toxicidad y 

ampliar el rango de aplicación de las técnicas de ciencia de materiales para la investigación biológica. 
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Resum 

Durant les darreres dècades, les nanopartícules (NP) s’han utilitzat en diversos camps, especialment en 

aplicacions mèdiques com ara medicaments, agents d’imatge i d´alliberament de fàrmacs. No obstant això, 

també es van plantejar preocupacions sobre les possibles reaccions adverses sobre la salut humana. Així, 

s’han invertit esforços d´investigació a nivell global en la ciència dels materials i la biologia per determinar 

els mecanismes de la toxicitat de diferents NPs. 

En aquest treball de tesi, hem dedicat grans esforços a aplicar el (Caenorhabditis elegans) C. elegans 

com un organisme model robust i simple per a avaluacions de toxicitat de NPs. L’objectiu general d’aquesta 

tesi ha estat la interacció de l´alimentació dels cucs amb les NPs. En específic, les interaccions nano-bio entre 

nanopartícules d’òxid de ferro superparamagnètiques (SPION) o AuNPs de 10 nm en C. Elegans alimentats 

o no, així demostrar que aquest petit animal es pot utilitzar per estudiar els efectes alimentaris. 

En primer lloc, hem estudiat els efectes de la disponibilitat de menjar sobre les toxicitats induïdes per 

l'exposició de SPIONs després de 24 h (exposició aguda) o 72 h (exposició perllongada). Hem trobat que el 

menjar proporcionava certa protecció als C. elegans determinada per la supervivència i la reproducció. Els 

cucs en la condició d’exposició aguda van tenir una eficiència de captació de SPIONS més alta facilitada pel 

menjar en comparació amb la condició sense menjar. La utilització de la microspectroscòpia infraroig en el 

sincrotró (SR-μFTIR), ens va permetre demostrar que l’exposició llarga (24 h versus 4 h) i les altes 

concentracions d’SPIONs (500 µg/mL versus 100 µg/mL) indueixen un estrès oxidatiu més sever determinat 

per l’augment dels nivells d’oxidació dels lípids. 

En segon lloc, vam investigar les conseqüències de la ingesta de menjar sobre els cucs després de 24 h 

d’exposició a AuNPs de 10 nm. El paper protector del menjar es va identificar en la reducció dels efectes 

tòxics, com la supervivència i la reproducció. Utilitzant SR-μFTIR, vam trobar que les AuNPs de mida petita 

(10 nm versus 150 nm) o la exposició perllongada (24 h versus 4 h) provocaven un augment del nivell 

d’oxidació dels lípids que es relacionava amb les respostes a l’estrès oxidatiu. D'altra banda, vam avaluar 

preliminarment la possibilitat de realitzar la teràpia fototèrmica en cucs que contenien AuNPs de 150 nm. 

Hem trobat danys degut a la fotoablació a les zones d'irradiació làser dels cucs, cosa que suggereix que és 

possible utilitzar els cucs, però cal optimitzar els diversos paràmetres experimentals. 

Al final de la tesi, també presentem col·laboracions on vam realitzar experiments amb diferents 

nanomaterials com luteïna i MOFs (metal·lo-organic framework) i els vam avaluar en els C. elegans. Vam 

estudiar les propietats antioxidants de la luteïna en C. elegans models de malaltia associades al síndrome 

de Leigh i vam demostrar la possibilitat d´aplicar la microscòpia d´infraroig (SR-μFTIR) en aquests estudis. 

Així, també vam realitzar l'avaluació preliminar de la toxicitat de MOFs, MIL-127 i CS-MIL-127 recoberts de 

quitosà (CS). A més, hem investigat els efectes del recobriment de quitosà (CS) sobre la captació i eficiència 

d’excreció en els C. elegans . 
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En resum, la disponibilitat d'aliments podria disminuir els efectes adversos, parcialment associats a 

l'estrès oxidatiu, induïts per SPION o AuNPs a C. elegans. També suggerim que els C. elegans tenen un gran 

potencial d'utilitzar-se com a model d'administració oral per diversos materials. A més, combinat amb altres 

tècniques avançades, podríem tenir una comprensió més general del mecanisme de toxicitat i ampliar la 

gamma d’aplicacions de tècniques de ciència de materials per a la investigació biològica. 

  



ix 
 

Attributions 

I would like to thank people who had contributed to my thesis 

 Miquel Torras synthesized SPIONS that the SPIONs I used in my thesis. 

 Dr. Carlos Moya helped me to measure the concentration of SPIONs in liquid solutions by UV-Vis. 

 Dr. Silvia Maglioni led and performed the main experiments in studying anti-oxidative behaviors of 

lutein in C. elegans’ disease models. 

 Dr. Núria Benseny helped us and assist me in the study of tissue-oxidation in nanoparticles-treated 

C. elegans and anti-oxidative behaviors of lutein in C. elegans’ disease models by SR-µFTIR. 

 Dr. Patricia Horcajada and Dr. Sara Rojas assisted me in the project of studying in vivo toxicities of 

MOFs in C. elegans and chitosan’s effects on the uptake and excretion rate of MOFs determined by 

HPLC. 

 Dr. Mariano Campoy, Dr. Alejandro Goñi, and Xabier Rodriguez assisted me in the photothermal 

trials by performing the laser irradiation in C. elegans. 

 Dr. Bernat Bozzo (ICMAB-CSIC) conducted magnetometry experiments. 

 Dr. Judit Oró (ICMAB-CSIC) conducted the TEM visualization of synthesized and internalized SPIONs. 

 Dr. Ignasi Villarroya (Servei d’Anàlisi Química, UAB) conducted the ICP-MS analysis of SPIONs-

treated C. elegans for studying the uptake amount of SPIONs. 

 



 
 

 

  



xi 
 

Table of contents 

Acknowledgements...................................................................................................... i 

Abstract ..................................................................................................................... iii 

Resumen..................................................................................................................... v 

Resum ...................................................................................................................... vii 

Attributions ............................................................................................................... ix 

Table of contents ....................................................................................................... xi 

List of Abbreviations ................................................................................................. xv 

List of Figures .......................................................................................................... xvii 

List of Tables ............................................................................................................ xxi 

Chapter 1 Introduction to Nanomaterials and nano-bio interactions ............................ 1 

1.1 Nanomaterials and Nanomedicine ..................................................................................2 
1.1.1 Nanomaterials .................................................................................................................................... 2 
1.1.2 Nanomedicine .................................................................................................................................... 3 
1.2 The administration route of nanomedicine ......................................................................3 
1.2.1 Oral administration ............................................................................................................................. 4 
1.2.2 Food-drug interplay ............................................................................................................................ 4 
1.3 C. elegans as a model animal for NPs’ toxicity assessment ...............................................4 
1.3.1 Experimental advantages of C. elegans .............................................................................................. 5 
1.4 Toxicity study of NPs in C. elegans ...................................................................................7 
1.5 Bio-evaluation of NPs in C. elegans .................................................................................8 
1.5.1 Essential role of metals in C. elegans .................................................................................................. 8 
1.5.2 Literature review ................................................................................................................................ 8 
1.5.3 Major factors regulating NPs’ toxicity in C. elegans ............................................................................ 9 
1.5.3.1 Factors of the exposure system ...................................................................................................... 9 
1.5.3.2 Physicochemical properties of NPs ............................................................................................... 13 
1.5.4 Uptake, biodistribution and translocation ........................................................................................ 15 
1.5.5 Recovery and excretion of NPs from C. elegans ............................................................................... 16 
1.5.6 Evaluation of toxicity mechanism of NPs in C. elegans ..................................................................... 16 
1.5.6.1 Oxidative stress ............................................................................................................................. 16 
1.5.6.2 Signaling pathway ......................................................................................................................... 17 
1.6 Analytical techniques with potential to assess nano-bio interactions ............................. 17 
1.7 Conclusions... ............................................................................................................... 18 
1.8 Objectives and hypothesis ............................................................................................ 18 

Chapter 2 Protocols applied to assess the nano-bio interaction .................................. 19 

2.1. Introduction.. ............................................................................................................... 20 
2.2. Worms exposure conditions .......................................................................................... 20 
2.3. Multiple toxicity endpoints ........................................................................................... 22 
2.4. NPs uptake in C. elegans ............................................................................................... 24 
2.4.1. Sample preparation .......................................................................................................................... 24 
2.4.2. Physical analysis by magnetometry .................................................................................................. 25 
2.4.3. Chemical analysis by ICP-MS ............................................................................................................. 25 



xii 
 

2.5. NPs status after exposure to C. elegans ......................................................................... 25 
2.5.1. Physical analysis by magnetometry .................................................................................................. 25 
2.5.2. TEM analysis of internalized NPs ...................................................................................................... 26 
2.5.3. Excretion of ingested NPs ................................................................................................................. 26 
2.6. Qualitative analysis of oxidative stress .......................................................................... 26 
2.6.1. Sample preparation .......................................................................................................................... 27 
2.6.2. Spectral optimization and data analysis ........................................................................................... 27 
2.7. Photothermal effect ..................................................................................................... 28 
2.7.1. Sample preparation .......................................................................................................................... 28 
2.7.2. Raman spectra analysis..................................................................................................................... 29 
2.8. Statistical analysis ......................................................................................................... 30 
2.9. Chapter conclusion ....................................................................................................... 30 

Chapter 3 Evaluation of SPIONs applying C. elegans. The influence of food availability 
and varied exposure durations .................................................................................. 31 

3.1. Introduction of superparamagnetic iron oxide nanoparticles ......................................... 32 
3.2. Aims.............. ............................................................................................................... 32 
3.3. SPIONs synthesis and characterization .......................................................................... 33 
3.4. Toxicity analysis ............................................................................................................ 34 
3.4.1. Acute exposure ................................................................................................................................. 35 
3.4.2. Prolonged exposure .......................................................................................................................... 39 
3.5. Biodistribution of SPIONs .............................................................................................. 41 
3.6. SPIONs uptake in C. elegans .......................................................................................... 42 
3.6.1. Magnetometry .................................................................................................................................. 42 
3.6.2. Inductively Coupled Plasma Mass Spectrometry (ICP-MS) ............................................................... 43 
3.7. NPs status inside C. elegans .......................................................................................... 44 
3.7.1. Zero Field Cooled/ Field Cooled Magnetometry (ZFC-FC) ................................................................ 44 
3.7.2. Transmission electron microscopy (TEM) ......................................................................................... 44 
3.8. Qualitative analysis of oxidative stress .......................................................................... 45 
3.8.1. Study of exposure time ..................................................................................................................... 46 
3.8.2. Study of oxidative stress ................................................................................................................... 47 
3.8.3. FPA mapping .....................................................................................................................................47 
3.9. Chapter conclusions ...................................................................................................... 49 

Chapter 4 Evaluation of gold nanoparticles applying C. elegans. The influence of food 
availability ................................................................................................................ 51 

4.1 Introductions to the gold nanoparticles ......................................................................... 52 
4.2 Aims.............. ............................................................................................................... 53 
4.3 Toxicity analysis ............................................................................................................ 53 
4.4 Biodistribution of AuNPs ............................................................................................... 57 
4.5 Photothermal effect ..................................................................................................... 57 
4.5.1 Feasibility of performing laser irradiation (Preliminary trial) ........................................................... 58 
4.5.2 Effects of laser irradiation conditions ............................................................................................... 60 
4.6 Qualitative analysis of oxidative stress .......................................................................... 62 
4.6.1 Study of exposure duration .............................................................................................................. 63 
4.6.2 Study of oxidative stress ................................................................................................................... 63 
4.6.3 Focal Plane Array mapping ............................................................................................................... 64 
4.7 Chapter conclusions ...................................................................................................... 65 

Chapter 5 Evaluation of Lutein’s antioxidative effects and MOFs toxicity in C. elegans 67 



xiii 
 

5.1. Collaboration work in C. elegans research ..................................................................... 68 
5.2. The assessment of lutein in C. elegans ........................................................................... 68 
5.2.1. Aims.............. .................................................................................................................................... 69 
5.2.2. Lutein’s antioxidative behaviors ....................................................................................................... 69 
5.2.3. Conclusions and future work ............................................................................................................ 70 
5.3. The assessment of MOFs in C. elegans ........................................................................... 72 
5.3.1. Aims.............. .................................................................................................................................... 72 
5.3.2. The effect of chitosan coating .......................................................................................................... 73 
5.3.3. Conclusions and future work ............................................................................................................ 73 

Chapter 6 Conclusions ............................................................................................... 75 

6.1. Conclusions... ............................................................................................................... 76 
6.2 Future work... ............................................................................................................... 77 
6.2.1. Exposure routes ................................................................................................................................ 77 
6.2.2. Assayed materials ............................................................................................................................. 77 
6.2.3. Advanced techniques ....................................................................................................................... 78 
6.3 Prospects and challenges .............................................................................................. 78 

References  ............................................................................................................... 79 

Curriculum vitae ....................................................................................................... 97 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



xiv 
 

  



xv 
 

List of Abbreviations 

MUA 11-mercaptoundecanoic acid 
AD Alzheimer’s disease 
AALL Ambient artificial laboratory light 
AAS Atomic absorption spectrophotometry 
BOW Bag of worm 
BAC-C16 Benzylcetyldimethylammonium chloride 
BSA Bovine serum albumin 
C. elegans Caenorhabditis elegans 
CM Carboxymethyl dextran 
CI Chemotaxis index 
CS Chitosan 
CNGG Component nematode growth gellan gum  
DEX Dextran 
DEAE Diethylaminoethyl dextran 
DMSA Dimercaptosuccinic acid 
E. coli Escherichia coli 
EMA European medicine agency 
EU European union 
FND Fluorescent nanodiamonds 
FUdR Fluorodeoxyuridine 
FPA Focal plane array 
FDA Food and Drug Administration 
FTIR Fourier transform infrared  
GI Gastrointestinal tract 
AuNPs Gold nanoparticles 
AuNPs Gold nanoparticles 
GCeCP Good C. elegans culture practice 
GA-AgNPs Gum Arabic coated silver nanoparticles 
HPLC High performance liquid chromatography 
HA Humic acid 
HD Huntington’s disease 
ICP-MS Inductively coupled mass plasma spectrometry 
IIS pathway Insulin/Insulin-like signaling pathway 
IV Intravenous  
FeOX Iron oxides 
IONPs Iron-oxide nanoparticles 
LA-ICP-MS Laser ablation inductively coupled plasma-mass spectrometry 
LD Leigh disease 
LDs Lipid droplets 
LN Lymph node 
LB Lysogeny broth 
MRI Magnetic resonance imaging 

MCT Mercury cadmium telluride 
MOFs Metal-organic frameworks 
CI Mitochondrial complex I 
MAPKs Mitogen-activated protein kinases 
MnSOD Mn superoxide dismutase 
NCs Nanocrystals 
NMs Nanomaterials 
NPs Nanoparticles 



xvi 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

NOM Natural organic matter 
NIR Near-infrared 
NGG Nematode growth gelrite 
NGM Nematode growth medium 
OXPHOS Oxidative phosphorylation 
PD Parkinson’s disease 
PIXET Particle-induced X-ray emission tomography 
PBS Phosphate-buffered saline 
PBST Phosphate-buffered saline (PBS) + 0.01% Triton X-100 
PTT Photothermal therapy 
PEG Polyethylene glycol 
PLFA Pony Lake fulvic acids 
PCA Principal component analysis 
PCs Principal components 
PC Protein-corona 
ROS Reactive oxygen species 
R-mie Resonant mie scattering 
AgNPs Silver nanoparticles 
SSPW Simulated soil pore water 
siRNA Small interfering RNA 
sAgNPs Sulfidized silver nanoparticles 
SQUID Superconductive quantum interference device 
SPIONs Superparamagnetic iron oxide nanoparticles 
SPR Surface plasmon resonance 
SR-μFTIR Synchrotron Fourier transform infrared microspectroscopy 
SR Synchrotron radiation 
SRXRF Synchrotron radiation X-ray fluorescence 
TS Topic search 
TEM Transmission electron microscope 
UPR Unfolded protein response 
XFM X-ray fluorescence microscopy 
ZFC-FC Zero-field-cooled/field-cooled magnetization 



 
 

List of Figures 

Figure 1 Bibliometric analysis of research in 2011-2019 from Web of Science Core Collection (Web of Science, 
Clarivate Analytics) on Nanoparticles (search strategy: topic search (TS)=(Nanoparticles*) (containing 
“nanoparticles” in the topic of articles)) and The nanoparticles in nanomedicine (search strategy: 
(TS)=(Nanoparticles* and Nanomedicine*)). ................................................................................................. 2 

Figure 2 (A) C. elegans  bridge the gap between in vitro and in vivo toxicity assays, (B) Bibliometric analysis 
of research in 2011-2020 from Web of Science Core collection (Web of science, Clarivate Analytics) on 
studies of nanoparticles in C. elegans . (search strategy: (TS=(Caenorhabditis elegans* AND nanoparticles*)).
 ........................................................................................................................................................................ 5 

Figure 3 Adult hermaphrodite, schematic drawing of the alimentary and reproductive systems within an 
intact animal. Adapted from Altun69. ............................................................................................................. 6 

Figure 4 The developmental stages of C. elegans . (Worms were cultured on the bacterial lawn) The scale 
bar represented 0.1 mm. Adapted from AK Corsi98. ....................................................................................... 9 

Figure 5 Confirmation of E. coli inactivation efficiency in 48 h, 4 drops of alive E. coli were put on the left 
part of the LB agar. 4 drops of heat-killed E. coli were put on the right part. The scale bar represents 20 mm.
 ...................................................................................................................................................................... 21 

Figure 6 Schematic diagram of toxicological studies relevant to the different stages of C. elegans  
development, adapted from Wu57. ............................................................................................................... 22 

Figure 7 Chemotaxis assay (A) Chemotaxis index calculation equation, (B) Chemotaxis assay plate. ......... 24 

Figure 8 Anatomical evaluations of NPs biodistribution inside C. elegans . ................................................. 24 

Figure 9 Magnetization measurements of C. elegans  treated by SPIONs. (A) Raw data, (B) Hysteresis curve 
by making the subtraction of the diamagnetic signal, (C) Enlarged image of the curve to determine the 
MR(C. elegans ) value. .......................................................................................................................................... 25 

Figure 10 (A) Equations used to calculate the size decrease. V is the NP volume; TB is the blocking 
temperature; r is the NP radius, (B) ZFC-FC measurement of internalized SPIONs at 4-300K. ..................... 26 

Figure 11 Visual images of C. elegans  on the CaF2 window for the SR-μFTIR measurement. ..................... 27 

Figure 12 (A) The scheme flow of the spectral optimization, (B) Raw data, (C) Remaining spectra after the 
removal of spectra with signs of low signal to noise ratio or saturation, (D) The spectra of C with the R-mie 
correction, (E) The application of 2nd derivative on the spectra shown in D, The peaks used for calculating 
lipid oxidation ratios are marked. ................................................................................................................. 28 

Figure 13 Sample preparation for photothermal effect study. ..................................................................... 29 

Figure 14 (A) Raman microscopy (apyron∞, WITec company), (B) The screenshot of the video recorded by 
the infrared camera. The red square showed the location where the temperature was monitored, within the 
chamber of the Raman microscope. The bright spot within the red square is the spot of laser irradiation. 
The value was the instant temperature of the red square. .......................................................................... 29 

Figure 15 (A) The square zone with red boundary was set on the AuNPs, (B) The image of the zone before 
laser irradiation, (C) The image of the zone after laser irradiation. ............................................................. 29 

Figure 16 Microwave-assisted synthesis of SPIONs (A) The CEM Focused Microwave Synthesis System, (B) 
The temperature ramp indicating three steps: 1) 5 min at 60 °C, 2) 10 min reaction at 180 °C, 3) cooling down 
to 50°C in 3 min. ........................................................................................................................................... 33 

Figure 17 Structural characterization of SPIONs. (A) TEM image, (B) TEM size distribution, (C) SAED pattern 
indexed to an inverse spinel structure, (D) SPIONs stability in MilliQ water and M9 medium, (E) M(H) 
measurement at 300K up to 6 Tesla. ............................................................................................................ 34 



xviii 
 

Figure 18 Graphical representations to describe the acute/prolonged exposure conditions and studies 
toxicity endpoints. ........................................................................................................................................ 35 

Figure 19 Effects of food availability on the survival (A) and reproduction (B) of C. elegans  (n=3) exposed to 
increasing concentrations of SPIONS. Bars indicate the mean ± S.E.M. p < 0.0332 (*), p < 0.0021 (**), p < 
0.0002 (***).................................................................................................................................................. 36 

Figure 20 Effects of food availability on the lifespan of C. elegans  after acute exposure upon SPIONs. (n=3). 
Bands represented SD. ................................................................................................................................. 36 

Figure 21 Nile red staining images of worms treated in control and 300 µg/mL SPIONs conditions. .......... 37 

Figure 22 Effects of food availability on intestinal integrity (A) and lipid content (B) of C. elegans  after acute 
exposure upon SPIONs (n=3). Bars indicate mean ± S.E.M. p < 0.0332 (*), p < 0.0021 (**), p < 0.0002 (***).
 ...................................................................................................................................................................... 37 

Figure 23 Effects of food availability on body bending frequency (A) and chemotaxis (B) of C. elegans  after 
acute exposure upon SPIONs (n=3). Groups with and without food availability were separately analyzed. 
Bars indicate mean ± S.E.M. p < 0.0332 (*), p < 0.0021. .............................................................................. 38 

Figure 24 Effects of SPIONs on survival (A) and reproduction (B) of C. elegans  after prolonged exposure with 
food availability (n=3). Bars indicate mean ± S.E.M.(C) The L1 larva after prolonged exposure to SPIONs with 
E. coli. The scale bar represented 30 µm. ..................................................................................................... 39 

Figure 25 Effects of SPIONs on Nile red staining results (A) and Oil Red O staining results (B) of C. elegans  
after prolonged exposure with food availability (n=3). Bars indicate mean ± S.E.M. ................................... 39 

Figure 26 Effects of SPIONs on the lifespan (A) and body bending frequency (B) of C. elegans  after prolonged 
exposure with food availability (n=3). Bars indicate mean ± S.E.M. p < 0.0332 (*), p < 0.0021 (**), p < 0.0002 
(***). ............................................................................................................................................................ 40 

Figure 27 Prussian blue-stained worms after acute exposure to 500 µg/mL SPIONs with E. coli. Scale bar 
represents 30 µm. ........................................................................................................................................ 42 

Figure 28 Biodistribution of SPIONs in C. elegans  after acute exposure to varying concentrations of SPIONs 
with E. coli (50 worms per sample). The upper simplified graph showed the division of the alimentary system: 
pharynx, anterior gut, central gut, and posteri ............................................................................................ 42 

Figure 29 (A) Enlarged magnetic hysteresis of SPIONs at 5 K showing the remanence magnetization 
MR(SPIONs), and (B) Enlarged magnetic hysteresis of treated worms at 5 K showing the remanence 
magnetization MR (C. elegans ). ................................................................................................................... 43 

Figure 30 ZFC-FC graphs of synthesized SPIONs and internalized SPIONs inside C. elegans . ...................... 44 

Figure 31 (A) Gaussian distribution of synthesized SPIONs and internalized SPIONs inside C. elegans , (B) 
TEM image of SPIONs after the recovery process. ....................................................................................... 45 

Figure 32 The peaks used for calculating lipid oxidation ratios are marked in the spectra with the application 
of the 2nd derivative. The peak 1745 cm-1 corresponded to the carbonyl group of the ester bond. The peak 
2921 cm-1 corresponded to the asymmetric stretch from CH2. .................................................................... 46 

Figure 33 Box and whiskers plot of the lipid oxidation ratio (1745 cm-1 / 2921 cm-1) of all spectra, for control, 
4 h and 24 h exposure of wild-type and sod-3 mutant worms to 100 µg/mL and 500 µg/mL SPIONs. p < 
0.0332 (*), p < 0.0021 (**), p < 0.0002 (***). .............................................................................................. 47 

Figure 34 Merged Box and whiskers plots of the lipid oxidation ratio (1745 cm-1 / 2921 cm-1) from the whole 
body and head zone of wild-type and sod-3 worms exposed to 100 µg/mL and 500 µg/mL SPIONs for 24 h. 
p < 0.0332 (*), p < 0.0021 (**). ..................................................................................................................... 48 

Figure 35 FTIR mapping of sod-3 mutants treated with 500 µg/mL SPIONs for 24 h with the lipid oxidation 
ratio (1745 cm-1 / 2921 cm-1). Dark blue color corresponds to the level of lipid oxidation measured in regions 



xix 
 

away from the worm. Color scale bar: dark blue means low, red means high. ............................................ 48 

Figure 36 Structural characterization of 10 nm AuNPs. (A) TEM image, (B) TEM size distribution, (C) UV-vis 
spectrum. ...................................................................................................................................................... 54 

Figure 37 Graphical representations to describe the acute exposure condition and studies toxicity endpoints.
 ...................................................................................................................................................................... 54 

Figure 38 Effects of food availability on the survival exposed to increasing concentrations of AuNPs of 
C. elegans  (n=3). Bars indicate the mean ± S.E.M. p < 0.0332 (*), p < 0.0021 (**), p < 0.0002 (***). ........ 54 

Figure 39 Effects of food availability on reproduction (A) intestinal integrity (B) and lipid content (C) of 
C. elegans  after acute exposure upon 100 µg/mL AuNPs (n=3). Bars indicate mean ± S.E.M. p < 0.0332 (*), 
p < 0.0021 (**), p < 0.0002 (***). ................................................................................................................. 55 

Figure 40 Effects of food availability on body bending frequency (A) and life span (B, C) of C. elegans  after 
acute exposure upon AuNPs (n=3). Groups with and without food availability were separately analyzed. Bars 
indicate mean ± S.E.M. p < 0.0332 (*), p < 0.0021 (**), p < 0.0002 (***). Bands represented SD. .............. 56 

Figure 41 Worms after acute exposure to 500 µg/mL 10 nm AuNPs with E. coli. Scale bar represents 100 µm.
 ...................................................................................................................................................................... 57 

Figure 42 Biodistribution of 10 nm AuNPs in C. elegans  after acute exposure to varying concentrations of 
AuNPs with E. coli (50 worms per sample). The upper simplified graph showed the division of the alimentary 
system: pharynx, anterior gut, central gut, and post gut. The lower color legend depicted the percentage of 
observed locations of AuNPs. ....................................................................................................................... 57 

Figure 43 (A) A line-scan of 150 nm AuNPs on the glass slide. The red dot represented AuNPs, and the blue 
dot represented the glass. (B) Raman spectra of two locations showed in A. The colors of the spectra 
correspond to the colors of locations. (C) A white light image of C. elegans  containing AuNPs. (D) Principle 
component analysis (PCA) was performed on the average spectra obtained from the large-scale-image-scan 
of the worm in C. 3 clusters were resolved and colored differently. ............................................................ 58 

Figure 44 (A) Two positions of line-scan on the worm containing varied contents of AuNPs. (B) The average 
spectra of positions with high or low loadings of AuNPs. The colors of spectra corresponding to the colors 
were marked in 44A. (C) Raman mapping image of high loading of AuNPs with a Z-axis scan. (D) Raman 
mapping image of low loading of AuNPs with a Z-axis scan. The color scale bar illustrates the intensity of the 
band at 47 cm-1. ............................................................................................................................................ 59 

Figure 45 Snapshots of the video recording temperature variation during the line-scan irradiation. ......... 60 

Figure 46 Snapshots of the video recording temperature variation during the pulsed irradiation on the fix-
point with varied laser power. ...................................................................................................................... 60 

Figure 47 (A) A white light image of worms containing AuNPs with colored icons representing the irradiation 
positions. (B) The Raman intensity spectrum with time shifts of position 1. The laser power applied in each 
time interval was showed above the spectrum. (C) The Raman spectrum of continuous irradiation on 
position 2. (D) The Raman spectrum of line-scan under the continuous irradiation on position 3. (E) The 
enlarged reflected microscopy image of position 1, 2 and 3 after varied types of irradiation. Scale bar 10 µm.
 ...................................................................................................................................................................... 61 

Figure 48 Snapshots of the video recording temperature variation during the continuous irradiation on the 
fix-point with the laser power of 30 mW. ..................................................................................................... 62 

Figure 49 Snapshots of the video recording temperature variation during the continuous irradiation of line-
scan with the laser power of 30 mW. ........................................................................................................... 62 

Figure 50 Box and whiskers plot of the lipid oxidation ratio (1745 cm-1 / 2921 cm-1) of all spectra, for control, 
4 h and 24 h exposure of wild-type (A) and sod-3 mutant (B) worms to 100 µg/mL of 10 nm and 150 nm 
AuNPs. p < 0.0332 (*), p < 0.0021 (**), p < 0.0002 (***). ............................................................................ 63 



xx 
 

Figure 51 FTIR mapping of sod-3 mutants in the control condition (A) and treated with 100 µg/mL of 10 nm 
AuNPs for 4 h (B) and 24 h (C) with the lipid oxidation ratio (1745 cm-1 / 2921 cm-1). Dark blue color 
corresponds to the level of lipid oxidation measured in regions away from the worm. Color scale bar: dark 
blue means low, red means high. ................................................................................................................. 64 

Figure 52 The chemical structure of lutein, adapted from Koushan K et al343. ............................................ 69 

Figure 53 The spectrum showed biomolecular peak assignments from 3000–800 cm-1. Adapted from Baker 
et al344. .......................................................................................................................................................... 69 

Figure 54 Bar plot of the lipid oxidation (1745 cm-1/2921 cm-1) and amide oxidation (1745 cm-1/1654 cm-1) 
of all spectra for control, nuo-5, and lpd-5. N=3, n=15-20. p < 0.0332 (*), p < 0.0021 (**), p < 0.0002 (***), 
and p < 0.0001 (****) ................................................................................................................................... 70 

Figure 55 Bar plot of lipid oxidation (1745 cm-1/2921 cm-1), amide oxidation (1745 cm-1/1654 cm-1), and 
lutein absorbance (1515 cm-1/2921 cm-1) of all spectra for control, nuo-5, and lpd-5. N=3, n=15-20. p < 
0.0332 (*), p < 0.0021 (**), p < 0.0002 (***), and p < 0.0001 (****) versus respective control conditions. 70 

Figure 56 The structure of MIL-127 (Fe), adapted from Roja S et al360. ....................................................... 72 

Figure 57 Effects of CS coating on the Survival (A) of C. elegans  (n=3) exposed to increasing concentrations 
of MIL-127 and CS-MIL-127. Bars indicate the mean ± S.E.M. (B) The worm after acute exposure to 500 
μg/mL of MIL-127, (C) The worm after acute exposure to 500 μg/mL of CS-MIL-127. The scale bar represents 
100 μm.......................................................................................................................................................... 73 

 

  



xxi 
 

List of Tables 

Table 1 Techniques used in the investigation of interactions between NPs and C. elegans . ....................... 20 

Table 2 The summary of diverse toxicity endpoints of C. elegans  after acute or prolonged exposure upon 
SPIONs with and without food. .................................................................................................................... 41 

Table 3 Comparison of the SPIONs uptake results by SQUIDs and ICP-MS. The relative error was indicated.
 ...................................................................................................................................................................... 43 

Table 4 Size decrease of internalized SPIONs and synthesized SPIONs estimated from ZFC-FC and TEM 
techniques. ................................................................................................................................................... 45 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



1 
 

Chapter 1 Introduction to Nanomaterials and nano-bio interactions 

 
 
 
 
 
 
 
1.1 Nanomaterials (NMs) and Nanomedicine 
1.1.1 Nanomaterials 
1.1.2 Nanomedicine 
1.2 The administration route of nanomedicine 
1.2.1 Oral administration 
1.2.2 Food-drug interplay 
1.3 C. elegans as a model animal for NPs’ toxicity assessment  
1.3.1 Experimental advantages of C. elegans  
1.4 Toxicity study of NPs in C. elegans 
1.5 Bio-evaluation of NPs in C. elegans  
1.5.1 Essential role of metals in C. elegans   
1.5.2 Literature review 
1.5.3 Major factors regulating NPs’ toxicity in C. elegans 
1.5.3.1 Factors of the exposure system 
1.5.3.2 Physicochemical properties of NPs 
1.5.4 Uptake, biodistribution and translocation 
1.5.5 Recovery and excretion of NPs from C. elegans  
1.5.6 Evaluation of toxicity mechanism of NPs in C. elegans  
1.5.6.1 Oxidative stress 
1.5.6.2 Signaling pathway 
1.6 Analytical techniques with potential to assess nano-bio interactions 
1.7 Chapter conclusions 
1.8 Objectives and hypothesis 
 
 
 
 
 
 
 
  



2 
 

1.1 Nanomaterials and Nanomedicine 

1.1.1 Nanomaterials  

Nanoscience is a continually developing research field, aiming to acquire desired properties of materials 

designed at the atomic and molecular scale1,2. Nanomaterials (NMs) are generally referred to materials with 

one or more of their dimensions within the 1-100 nm range, according to International Organization for 

Standardization and the Commission of the European Union (EU) guidelines and the IUPAC 

recommendations1, with distinct properties, significantly differing from their macroscale counterparts1,3. 

Determined by the number of dimensions in the nanosized range, NMs could be categorized into four types 

as zero-dimensional (nanospheres, nanoclusters), one-dimensional (nanofibers, nanowires, nanotubes), 

two-dimensional (nanoplates, nanosheets), and three-dimensional objects (composed of individual blocks)1.  

Nanoparticles (NPs) as a subcategory of NMs, are attracting tremendous interests in almost every 

cutting-edge research field4, as evidenced by the growing number of scientific articles from Web of Science 

Core Collection (Web of Science, Clarivate Analytics)2 during 2011–2019 (Figure 1). The unique 

physicochemical properties (size, shape, and surface chemistry) promote their widespread applications 

including biomedicine, energy, food industry, engineering, etc3,5. They’re frequently employed in 

nanomedicine (Figure 1), NPs have emerged as a promising tool for the diagnosis and treatment of diseases4, 

for instance, targeted drug delivery6, imaging agents7, and hyperthermia8, etc.  

 

 

 

 

 

 

 

 

 

 

Figure 1 Bibliometric analysis of research in 2011-2019 from Web of Science Core Collection (Web of Science, Clarivate 
Analytics) on Nanoparticles (search strategy: topic search (TS)=(Nanoparticles*) (containing “nanoparticles” in the topic 
of articles)) and The nanoparticles in nanomedicine (search strategy: (TS)=(Nanoparticles* and Nanomedicine*)). 
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1.1.2 Nanomedicine 

Nanomedicine, referring to biomedical and pharmaceutical applications of nanotechnology, aims to 

improve the quality of our healthcare and bring advanced therapeutics for patients1. Due to the increased 

demand for developed therapeutics with enhanced safety and efficacy, the nanomedicine industry has 

thrived in the last decade, encompassing the development of NPs for diverse therapies6 and imaging agents7. 

Therapeutic/diagnostic NPs are typically divided into two groups: organic NPs (e. g. liposomes, protein-

based, polymeric, etc.) and inorganic NPs (e.g., iron oxide, gold, silica, etc.)6. For example, Doxil®, the 

liposomal doxorubicin functionalized with polyethylene glycol (PEG), was the first FDA-approved (1995) 

medicine for cancer therapy9. For inorganic NPs, iron-oxide nanoparticles (IONPs) are employed in the iron-

replacement therapy for iron-deficiency anemia10–12. Ferumoxytol is the FDA-approved superparamagnetic 

iron oxide nanoparticles (SPIONs) used for the treatment of anemia13,14. Alongside this, IONPs have also 

been clinically approved to be applied as magnetic resonance imaging (MRI) contrast agents for multiple 

cancers and pathologies15–18. Ferrotran®, currently, is the only MRI agent consisting of SPIONs for the 

detection of lymph node (LN) metastasis in patients with prostate cancer6,19.  

Besides the above-mentioned clinical applications, IONPs have been extensively studied in the preclinical 

stage of varied applications such as thermal ablation of tumors via hyperthermia20,21 and drug delivery22–24. 

With an external changing magnetic field, SPIONs could also be applied to reach the target zone and damage 

the tumor by inducing an increased temperature25. Gold nanoparticles (AuNPs) have also been applied in 

the photothermal therapy for cancer treatment26,27. The Aurolase® therapy is a gold-silica particles-directed 

photothermal therapy that selectively targets and generates a lethal dose of heat to ablate tumor tissue 

when NPs are illuminated by NIR irradiation28,29. 

1.2 The administration route of nanomedicine 

Nanomedicine, defined by Bobo et al., are drugs or biologics incorporating NPs (1-100 nm)30. One of 

their uses is to achieve improved therapeutic efficacy or be applied as imaging agents in vivo30. These 

biomedical applications mainly focus on the intravenous (IV) injection or oral administration routes30,31, 

among other routes such as intramuscular injections, subcutaneous injections, pulmonary inhalation, etc32–

34. For the use of MRI contrast agents, IV injection is a commonly applied method for the administration of 

IONPs 35. It can also be used for anemia treatment in patients for whom oral administration of iron cannot 

be used because of intolerance, ineffectiveness or unresponsiveness35,36. However, from a safety 

perspective, IV injection of iron supplement drugs could also be risky for inducing two main side effects 

which are hypersensitivity reactions and hypophosphatemia36,37. Comprehensive guidelines have been 

published about the management if there are iron-induced hypersensitivity reactions after IV injections36. 

Meanwhile, mainly in patients with preserved kidney function, IV iron could cause hypophosphatemia, 

apparent soon after the injection and lasting for two weeks at most37. Therefore, the oral administration 
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route is a safer method. 

1.2.1 Oral administration 

In the NP-mediated drug delivery system, biocompatibility, biodegradability, and physicochemical 

properties of NPs are extremely important. However, the route of administration is also critical. The oral 

administration is the most preferred route of drug administration38 which is widely accepted by patients. 

It’s also the most favored route due to the convenience for self-administration, non-invasiveness, and ease 

of use which facilitate adherence from patients to therapies39–42.  

Regardless of the advantages offered by the oral-route administration for the patient or therapy, the 

complexity of the physiochemical environment in the gastrointestinal tract (GI) impacts on the efficacy of 

oral-delivery drugs41,42. The GI fluids are complicated and heterogeneous, with a wide range of pH from 1 to 

8 and42,43. It also contains diverse types of biomolecules, bile salts, food components, digestive enzymes, 

etc42. Moreover, the GI tract is a dynamic environment related to internal (i.e., secretion) and external 

stimuli (i.e., food ingestion)44. When NPs encounter with complex fluids, it’s prone to form a protein-corona 

(PC) surrounding NPs due to interactions with the aforementioned biomolecules42,44. The resulting PC would 

render NPs different in vivo fates and impact on the therapeutic efficacy33,45. For this reason, the interaction 

deserves to be thoroughly studied, aiming to know all the final fates of the NPs and effects to improve 

curative effects and decrease adverse effects44,46.  

1.2.2 Food-drug interplay 

The food-drug interaction refers to the physicochemical or physiological relationship between a drug 

and a product consumed as food or nutrient46,47, within the environmental matrix (i.e., GI lumen)48. The 

food can influence the absorption, bioavailability, and metabolism of drugs38,47. In order to learn the food 

effects on the drug absorption, Food and Drug Administration (FDA) and European Medicine Agency (EMA) 

both recommend studying pharmacokinetics in the fed state after having a high-fat meal49. The effects can 

be simply defined as “positive effects” of increased dissolution and solubilization or “negative effects” of 

reduced and delayed absorption50. Additionally, since 1st January 2010, approximately 40% of medicines 

approved by FDA and EMA show food effects or contain suggestions of taking medications with or without 

food. These instructions are commonly devised to improve safety or tolerability and maximize clinical 

efficacy50. Meanwhile, some research work demonstrated that co-ingested carbohydrates, proteins, or lipids 

in food could potentially alter the bioavailability of certain types of drugs51–55. Therefore, in this thesis, we 

chose to study food effects on the toxicity evaluation of SPIONs and AuNPs in C. elegans and evaluate if this 

animal model can bring light to this type of research. 

1.3 C. elegans as a model animal for NPs’ toxicity assessment  

Researchers have reported various toxic profiles of diverse NPs through in vitro or in vivo assays. However, 
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many times, there are discrepancies or gaps existing between data obtained from cell culture conditions 

and in vivo model animals which make it difficult to evaluate or predict toxicological outcomes of NPs in the 

clinical stage56. Regarding the huge demand for toxicological studies of emerging NPs following their broad 

applications in our daily life, assays with good comparison to the real environment and of high simplicity 

that could be performed in any lab are needed. Caenorhabditis elegans (C. elegans) has emerged as a 

powerful and informative model for NPs’ toxicity testing57–59 (Figure 2A).  

Figure 2 (A) C. elegans bridge the gap between in vitro and in vivo toxicity assays, (B) Bibliometric analysis of research 
in 2011-2020 from Web of Science Core collection (Web of science, Clarivate Analytics) on studies of nanoparticles in 

C. elegans. (search strategy: (TS=(Caenorhabditis elegans* AND nanoparticles*)). 

 

1.3.1 Experimental advantages of C. elegans  

C. elegans is a non-parasitic60 and free-living nematode, mainly found in the bacteria-rich soil61. It was 

first adopted as a model animal by Sydney Brenner in 1965 for studying the nervous system development62–

64. Given that, it has been considered as a suitable and robust toxicity model for toxicological research65, 

with an increased tendency of published articles (shown in Figure 2B). Its biological applications have 

prospered due to its small size, transparent body, short and prolific life cycle, ease of maintenance, invariant 

development, constant cell number, well-characterized genome, easy genetic manipulation, and abundant 

databases of C. elegans59,61,66,67. Moreover, C. elegans has the relevance to biological systems of mammal, 

expressing homologs to 50%-80% of human genes63,66. In terms of evaluating NPs’ in vivo toxicities, their 

distribution within worms and clearance as well as their influences on tissues or organs are commonly 

studied57. The anatomy of C. elegans includes four organ systems which are an alimentary system, a 

reproductive system, a neural system, and an immune system, which are the same as those in 

vertebrates57,68.  
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The alimentary system 

The C. elegans alimentary system is essentially a tube, composed of the pharynx, grinder, intestine, and 

hindgut (rectum) (shown in Figure 3)69. Because of not having a circulatory system, C. elegans relies upon 

the passive diffusion for transporting O2, CO2, and nutrients66. Food rapidly transits the digestive tract within 

a few minutes70. The grinder, a circular structure, is the position of mechanically breaking up food particles. 

In the intestinal lumen, a weakly acidic compartment of around pH 4.471, ground food particles are 

thoroughly broken down by digestive enzymes and uptaken72. In the end, with a set of muscular contractions, 

the debris of food is propelled out through the anus73.  

C. elegans feed themselves by collecting food components of the liquid phase from their surrounding 

environment into the pharynx by pumping and peristalsis68. Additionally, some facets of the food digestion 

and uptake process of C. elegans are comparable to those of humans, for instance, the acidic 

microenvironment, the excretion of digestive enzymes, and uptake of digestive food components68,70. Thus, 

C. elegans could be applied as an oral toxicity model for testing NPs’ toxicity with the food supply68. It can 

help to elucidate the role of food in the interaction between NPs and C. elegans following oral uptake74. 

Figure 3 Adult hermaphrodite, schematic drawing of the alimentary and reproductive systems within an intact animal. 
Adapted from Altun69. 

 

The reproductive system 

C. elegans has two sexes, self-fertilizing hermaphrodites and males of rare occurrence (0.1% of the 

time)62,66. Only hermaphrodites have the space for fertilization and egg-laying which is mainly divided into 

three sections consisting of somatic gonad, germline, and egg-laying apparatus (vulva and uterine)62,75 

(shown in Figure 4). Normally, by self-fertilizing, hermaphrodites can produce around 300 embryos. 

Reproduction is an important endpoint since it has been reported that reproduction is more sensitive to the 

relatively lower concentration of NPs which have an adverse influence on C. elegans than other toxicity 

endpoints57. Several reproductive parameters are chosen for studying NPs’ toxic effects on C. elegans 

including the number of offspring (also referred to as brood size), the number of oocytes, and embryonic 

lethality76. Meanwhile, the egg-laying behavior is assisted by the muscular contraction which is under the 

regulation of the neural system77. If certain neurons controlling the muscles of a well-developed vulva are 

impaired, it may lead to reduced progeny and bag of worm (BOW) phenomenon (hatching of larvae inside 

the paternal body)78. 
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The neuronal system 

Typically, an adult C. elegans has 302 neurons and 7000 synapses that constitute two independent 

nervous systems, a large somatic system and a small pharyngeal system78, using the same neurotransmission 

systems (glutamatergic, cholinergic, serotonergic, and dopaminergic) which are phylogenetically conserved 

in worms and vertebrates57,63. C. elegans exhibits varied types of behaviors containing locomotion, feeding, 

defecation, egg-laying, and mating79. In addition, worms can sense and make responses to chemical, physical, 

or thermal stimuli. Benefitting from the laser ablation of neurons, we have an enhanced understanding of 

the connectivity of the neuronal network which is involved in those behaviors78,79. Moreover, the 

transparent body allows us to observe the neuron damage, neuro-degeneration, or even neuron dynamics 

in the NP-treated worms with fluorescent markers80–82. 

The immune system 

One of the major threats to any living organism is getting infected by a pathogen. Thus, it’s essential to 

have an efficient immune system that can recognize and remove the pathogen, subsequently. Generally, in 

higher vertebrates, the immune defense systems are made of an innate response and an adaptive 

response83. Different from humans and other vertebrates, C. elegans doesn’t have an adaptive immunity 

which is delayed but highly specific and long-lasting83. Alternatively, they have their own innate recognitions 

and immune activities to protect themselves from pathogenic bacteria83. They can make use of secretion 

and action of antimicrobial molecules to break up or up-regulate expressions of catalases, superoxide 

dismutases, metallothioneins, etc. to detoxify pathogens67,83. It has been stated that several signaling 

pathways involved in the innate immunity are conserved in worms and humans, for instance, a p38 mitogen-

activated protein kinase, mitogen-activated protein kinases (MAPKs) and insulin signaling/DAF-2, etc66,67,83. 

On the other hand, C. elegans can be easily manipulated to get infected by simply replacing the original food 

bacterium Escherichia coli (E. coli) with any pathogen. The affected phenotype such as survival, motility, and 

pathogen burden can be easily confirmed67. 

1.4 Toxicity study of NPs in C. elegans 

In recent decades, NPs are becoming promising tools in the nanomedicine field62,84, owing to their 

unique physicochemical properties8,57. One of the main concerns about NPs applied as nanomedicines is 

whether they can induce adverse effects, partially due to their nano-bio interactions with different 

components (i.e., enzymes and ingested food components)47 within the environmental matrix (i.e., GI 

lumen)48 of the human body62,77,84. To this end, extensive studies have been performed to study their 

toxicological profiles in the biological environment through toxicity tests from in vitro to in vivo8. NPs with a 

wide range of concentrations can be rapidly tested by in vitro assays. However, obtained results cannot be 

utilized to predict responses at the organism level. Moreover, it’s highly possible to provide us false-positive 
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or -negative outcomes68,85. On the other hand, it’s not feasible to run all the toxicity tests in mammalian 

models regarding the fact that it’s expensive and time-consuming together with ethical issues57,68. Thus, 

C. elegans has gained popularity and gradually become a highly promising in vivo model for toxicity 

assessments and toxicological studies of NPs62,76. NP-mediated toxicity data including lethal and sublethal 

endpoints can be easily generated in an intact animal model with assorted organ systems such as digestive, 

reproductive, endocrine, and neural systems62,68. The oral uptake of NPs with E. coli and their fate in the 

intestinal digestive system of C. elegans can mimic the process of oral-administration of nanomedicine after 

food intake. Additionally, the availability and applicability of varied high-end techniques material science 

techniques would provide us a more comprehensive understanding of food-NPs interplay in C. elegans59,62. 

1.5 Bio-evaluation of NPs in C. elegans  

1.5.1 Essential role of metals in C. elegans   

Metals are critical components in organisms that can be generally divided into essential and nonessential 

groups. Metals are involved in multiple physiological processes; therefore, the occurrence of unbalanced 

metal metabolism may induce various pathological events86. The model organism, the nematode C. elegans, 

has gradually become an important in vivo platform for toxicity assessment of substances including metal 

and metal oxide NPs76. Although the common cause of toxicities induced by NPs is disrupted biological 

pathways, released metal ions of NPs could also generate adverse effects on C. elegans59, more element-

specific86,87. In C. elegans, zinc, copper, iron, and manganese are essential elements that are involved in 

diverse metabolic pathways. As only trace amounts of these metals are required, a minimal release of any 

of those ions may disrupt the delicate balance of hemostasis and cause severe dysfunction within worms86. 

In addition, based on the extensive gene homology (approximately 45%) to the human genome, C elegans 

has potentials to study molecular mechanisms induced by exposure upon NPs68,76.  

1.5.2 Literature review 

There has been a rapid increase in applying C. elegans as an in vivo assessment model in the toxicity 

study of NMs, including metal and metal oxide NPs, carbon nanomaterials, and other types of materials 

such as quantum dots59,88, especially in the fields of ecological toxicity assessment and biomedical 

applications57. 

In the ecotoxicological assays, considering the important role in benthic food webs89–91 with sensitivity 

properties to environmental toxicants, C. elegans is used as the animal model to test environmentally 

relevant concentrations of NPs. So far, acute exposure (≤24 h), prolonged exposure (≥48 h), chronic exposure 

(≥ 72 h), and transgenerational exposure have been applied as effective exposure systems to make the 

toxicity evaluation76. Among these exposure systems, long-term exposure including prolonged and chronic 

exposure has shown good potential in estimating the possible toxicity in environmentally realistic 
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conditions57. On the other hand, for biomedical applications, a wide range of concentrations and diverse 

toxicity endpoints measurements are normally performed. Additionally, a comprehensive study of the 

destiny of NPs inside worms including uptake, distribution, translocation, excretion, and recovery combined 

with genetic mechanisms triggered by exposure to NPs, is also performed77.  

In addition, C. elegans has also been taken as a tool to broaden the application range of certain 

techniques like atomic force microscopy92,93 or confirm the feasibility of NPs for a given application, for 

instance, drug delivery94–97. 

1.5.3 Major factors regulating NPs’ toxicity in C. elegans  

1.5.3.1 Factors of the exposure system 

The appropriate exposure condition of worms to NPs is a crucial step in studying nano-bio interactions. 

Multiple variables including the developmental stage of worms, optimal exposure media, concentration 

ranges, exposure durations, and food availability would determine final interaction results. In this section, 

the previous work was reviewed by different factors of the exposure condition.  

Effect of developmental stage  

The development period of worms could be divided into four stages (shown in Figure 4)98. Previous work 

showed that the level of NPs’ toxicity was partially related to the developmental stage of worms. Generally, 

L3/L4 staged worms appear more resistant to toxic effects from NPs59. For example, Zhao et al. reported 

that L1-larvae might be more sensitive to TiO2-NPs than L4-larvae or adult nematodes99. Collin et al. also 

reported that L3 stage worms were more resistant than younger L1 stage worms regarding LC50 of 272 and 

15.5 mg Ce L-1 for L3 and L1, respectively100. Gonzalez-Moragas et al. studied the influence of surface 

modification (citrate and bovine serum albumin) on toxicological profiles of SPIONs using larval and adult 

staged worms and observed that the higher sensitivity of larvae to SPIONs treatment suggested that the 

toxic effects of SPIONs are stronger in the early stages of worms101. 

 

 

 

 

 

 

 
Figure 4 The developmental stages of C. elegans. (Worms were cultured on the bacterial lawn) The scale bar 

represented 0.1 mm. Adapted from AK Corsi98. 
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Effect of exposure duration  

The selection of suitable exposure conditions should be in accordance with the research purpose. 

Normally, prolonged (≥48 h) or chronic (≥ 72 h) exposure of worms to NPs could induce more harmful effects 

than acute (≤24 h) exposure, with the potential in studying possible toxicities of some environmental 

toxixants59,76. Wu et al. evaluated the effects of Dimercaptosuccinic acid (DMSA) coated 9 nm Fe2O3-NPs in 

K-medium using three different assay systems: 24 h exposure of L4 nematodes, from L1 to adults and from 

L1 to day-8 adult. Adverse effects were observed at concentrations higher than 50 mg/L/, 0.5 mg/L, and 0.1 

mg/L corresponding to each exposure system indicating extended treatment duration inducing higher 

toxicity102. Zhao et al. investigated recovery responses of worms after acute or prolonged exposure to TiO2-

NPs (100 μg/L). They found prolonged exposed nematodes could not recover to the level compared with 

that of worms under the normal condition, but acutely exposed worms could99. 

On the other hand, the chronic exposure system could also be applied to study the eco-toxicity76. Yu et 

al. observed that chronic exposure (10-d) to Al2O3-NPs at concentrations of 8.1–30.6 mg/L induced severe 

stress response and oxidative damage in intestines, whereas acute exposure did not affect103. To manifest 

the nano-bio interactions in the life of C. elegans, Piechulek et al. performed a chronic exposure over the 

entire life span (about 34 days) of worms to Ag, ZnO and CeO2 -NPs. They found that silver nanoparticles 

(AgNPs) induced a shortened lifespan and locomotive deficits at concentrations of ≥ 10 μg/mL, but didn’t 

occur to worms in response to ZnO and CeO2 -NPs (1-160 μg/mL), indicating that chronic exposure to AgNPs 

induced premature neuromuscular defects in worms104.  

Effect of exposure in liquid media and ionic strength 

Liquid media is commonly applied as the exposure system with various advantages such as 

homogeneous NPs exposure and maintained monodispersity of NPs, and regarded as an ideal system for 

diverse high-throughput studies57,59,62. M9 buffer, S basal, and K-medium are three commonly used liquid 

media with varied ionic strengths to improve the stability of NPs59. However, some studies discovered the 

occurrence of NPs aggregates in these media. For instance, Meyer et al. reported that, due to the relatively 

high ionic strength of the K-medium, the formation of AgNPs aggregates with diameters of 1–1.6 μm that 

rapidly settled from suspension resulted in an elevated effective local “dose” of aggregated AgNPs at the 

bottom of wells. Ellegaard-Jensen et al. also observed an immediate agglomeration of AgNPs after addition 

to the K-medium105. The incident of aggregation transformed nano-size into micro-size of studied NPs which 

could lead to a biased nanotoxicity result. For example, Yang et al. found that a lower ionic strength medium 

(moderately hard reconstituted water) resulted in greater toxicity of AgNPs compared with that of K-

medium. It could be attributed to the formation of aggregation which facilitates the uptake of AgNPs 

aggregates since C. elegans feed on bacteria and large particles that have settled to the bottom of the water 

column106. On the other hand, reported by Wang et al., even with high ionic strengths, the lower toxicity of 
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ZnO-NP was found in K-medium107.  

In order to optimize the stability and dispersion to truly reflect the toxicity of NPs, several newly 

established exposure systems have been employed. For example, Brinke et al. proposed a nematode growth 

gellan gum (CNGG) with a gel-like component that supported the three-dimensional distribution of worms 

and food bacteria with allowing free movement of the former. Moreover, CNGG offered advantages for long-

term studies and testing other poorly soluble or insoluble NPs108. Luo et al. found a semi-fluid nematode 

growth gelrite medium (NGG) with better distribution of AgNPs which can be regarded as a suitable and 

sensitive culture method for the evaluation of AgNPs toxicity in C. elegans109 compared with other standard 

nematode growth medium (NGM) and K-medium110. Considering research purposes of eco-toxicity or 

biomedical applications of NPs which will likely occur in the environment or the human body, it’s 

controversial to make tremendous efforts to establish an ideal exposure condition with homogeneous 

dispersion and stability of NPs. However, preliminary toxicological profiles of diverse NPs obtained from 

these artificially created conditions at the starting stage can provide us valuable information and potentially 

accelerate the research process59. 

Effect of natural organic matter 

In the environmental toxicity study, natural organic matter (NOM) plays an important role in determining 

bioavailability and toxicity of NPs to the model soil organism C. elegans 59,111. Yang et al. reported that co-

exposure to Pony Lake fulvic acids (PLFA) resulted in the formation of NOM−AgNPs composites and rescued 

NP-induced damage, potentially by declined intracellular uptake111. Collin et al. reported a similar mitigated 

toxicity of CeO2-NPs with the presence of humic acid (HA) as NOM. They found that the addition of HA to 

the exposure media significantly decreased the toxicity which might be related to partial HA adsorption by 

reducing the reactivity between cells and CeO2-NPs surfaces100. Sulfidation is one primary transformation of 

manufactured AgNPs in the wastewater treatment process. Starnes et al. observed greatly reduced toxicity 

of sulfidized AgNPs (sAgNPs) as compared to manufactured AgNPs suggesting that sulfidation 

transformation via the wastewater treatment plants (WWTPs) could mitigate the toxicity of AgNPs112. 

Additionally, the low and negligible toxicity of sAgNPs in the presence of NOM regardless of NOM influence 

on dissolution was also reported by Collin et al113. Schultz et al. observed that increasing soil organic matter 

content significantly decreased the toxicity of 3–8nm unfunctionalized silver (Ag 3–8Unf)114.  

The addition of NOM has the potential to mimic the environmental condition. For instance, Tyne et al. 

designed a new toxicity testing medium providing better representation of soil solution condition than other 

media, called simulated soil pore water (SSPW). The low ionic strength coupled with the existence of the 

dissolved organic component of SSPW make it a suitable environment for metal and NPs toxicity testing in 

C. elegans115.  
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Effect of food availability 

The addition of E. coli is suggested to be performed in the exposure system, especially for long-term 

exposure, to ensure sufficient food supply and avoid starvation effects116. Interestingly, we found conflicting 

results from several studies about the influence of food availability. Ellegaard-Jensen et al. found that 

containing E. coli in the test medium as a food source increased AgNPs toxicity towards nematodes 

compared to without food presence condition105. Likewise, Luo et al. reported that a mixture of AgNPs and 

E. coli would increase the uptake of NPs into worms resulting in increased cellular and organ toxicity109. They 

further found that small-sized AgNPs (25 nm) could be more easily accumulated in E. coli and exhibited 

stronger toxicity to C. elegans in the food chain117. Even with the removal of potential accumulations of NPs 

in alive E. coli, CuO-NP could also interact with the organic bacterial lysate components into forming 

agglomerates which can be ingested by nematodes and released copper ions contributed to toxic effects, 

reported by Mashock et al81. Kleiven et al. also demonstrated that E. coli, acting as vehicles, enhanced the 

bioavailability of Ag(I) from NM300K AgNPs and consequent the toxicity118. Oppositely, Yang et al. found 

that food had a strong mitigating effect on AgNPs toxicity111. Moreover, a similarly beneficial influence from 

the addition of bacterial food was reported by Starnes et al. on decreasing the toxicity of sAgNPs and 

AgNPs112. However, some researchers claimed that there were no clear relations between bioaccumulation 

and food presence. Collin et al. observed that the addition of E. coli did not modify the Ce accumulated by 

C. elegans exposed to CeO2-NPs100, and Yang et al. also reported that “biomagnification” effects were not 

observed in food-borne Fe0NP-exposed worms119. Different types of NPs studied in diverse exposure 

conditions may explain the discrepancy. 

Effect of standard toxicity assays  

Multiple types of exposure systems, mostly acute exposure, have been applied to study NPs’ potential 

toxicities or biomedical applications. But, within each exposure system, modification or optimization in 

methodological details is allowed due to special properties of certain NPs. But maybe these small variations 

allowed in the methodology affect NPs’ behaviors and toxicity the most120.  Hunt et al. demonstrated 

standardization factors for toxicology and good C. elegans culture practice (GCeCP) are essential to obtain 

reliable and repeatable results68. Scanlan et al. developed a standardized counting protocol with maximizing 

counting accuracy and minimizing variability for C. elegans in liquid medium. They identified sources of 

variability and found three variables with significant effects on counting which were shaking of the culture, 

priming of pipette tips, and sampling location121. In addition, Hanna et al. studied experimental factors of 

six main branches including organism maintenance, protocol, bacteria etc. and found bacterial feed density 

and plate shaking had significant influences on growth inhibition by exposing to 

benzylcetyldimethylammonium chloride (BAC-C16), identified by cause-and-effect analysis122. Furthermore, 

they observed that hetero-agglomeration of E. coli with positively charged NPs caused growth inhibition of 
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C. elegans, whereas greatly reduced toxicity without the presence of E. coli, illustrating a key unexpected 

artifact which may occur in nanotoxicity assays123. 

Overall, this section displayed several key factors combined with standard toxicity assays, which are 

required to be considered to obtain reliable data and ensure comparability between studies for more 

accurate evaluations of nano-bio interaction.   

1.5.3.2 Physicochemical properties of NPs 

Effect of sizes 

Multiple studies demonstrated the strong correlation between NP size and the magnitude of toxic 

effects57. In the study of AgNPs, Meyer et al. observed growth inhibition by all test AgNPs (7, 21, and 75 nm) 

in low concentrations (0.5, 5, 50 mg/L). The bagging phenotype and intergenerational transfer were only 

detected for 7-nm citrate coated AgNPs, indicating that reprotoxicity was related to size difference124. 

Furthermore, they continued to study several factors involved in the mechanism of AgNPs toxicity with 

several sizes of AgNPs (from 5 to 75 nm average diameter). There was no correlation between size and 

toxicity, but it was dependent on dissolved silver and coating106. Ellegaard-Jensen et al. also observed higher 

toxicity of AgNPs28 (PVP coated 28 nm) than AgNPs1 (1 nm) and demonstrated that it might be due to a 

combination of effects of coating, Ag-solubility and higher uptake rates105. On the other hand, some 

researchers reported that size-dependent adverse effects were observed on lifespan and fertility in the 

multigenerational exposure125 in PVP-coated AgNPs117,126. It was also reported in the study of AuNPs coated 

with 11-mercaptoundecanoic acid (MUA) that size-dependent toxic effects were observed in the declined 

worm population and mean body length reduction127.  

In the study of metal oxide NPs, Roh et al. reported that smaller sized CeO2-NPs (15 nm) induced more 

toxic effects than larger sized (20 nm) on toxicity endpoints measured (survival, growth, and fertility)128. 

Arnold et al. also stated that exposure to CeO2-NPs caused more dramatic growth inhibition compared with 

bulk CeO2
129. Additionally, findings that small-sized NPs are more toxic than larger-sized have been published 

for TiO2
130–132, ZnO133,134, Ni135, or iron oxide NPs77,136. 

Effect of surface properties 

Surface properties can make a profound influence on the toxicity induced by NPs, mostly in a positive 

way57. For AgNPs, Yang et al. demonstrated that the mechanism of AgNPs toxicity was dependent on surface 

coating by using three types of AgNPs separately coated by citrate, polyvinylpyrrolidone (PVP) and gum 

arabic (GA)106. Ahn et al. also found that bare AgNPs had toxicities, whereas PVP coating reduced the toxicity 

of the AgNPs significantly126. Considering environmental toxicities, Schultz et al. found that the higher 

reproductive toxicity of unfunctional AgNPs compared with that of PVP-coated AgNPs may depend on the 

surface coating. They proposed that the extent of observed toxicity was related to the degree of 
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agglomeration, a more rapid attachment of organic molecules to the uncoated surface than to the PVP-

coated AgNPs137. Moreover, sulfidation of AgNPs can contribute to declined toxicity relative to their pristine 

counterparts by not only decreasing the solubility of AgNPs but also reducing the bioavailability of intact 

NPs57,112,138,139.  

Gonzalez-Moragas et al. demonstrated protective effects of bovine serum albumin (BSA) because of less 

degradation of SPIONs and declined toxicity to C. elegans even at 500 µg/mL101,140. Wu et al. investigated 

the possible environmental safety concentrations of Fe2O3-NPs coated with DMSA in different assay systems 

with multiple toxicity endpoints and detected adverse effects on worms102. Höss et al. studied the toxicity 

of selected iron oxides (FeOX) with variable aggregate sizes and compositions of FeOX-associated organic 

matter (OM) on C. elegans. They reported that OM compositions determined the toxicity of mixed OM-

FeOX
136. Another type of NOM, HA, has also been reported of reducing the toxicity of CeO2-NPs when it’s 

added into the exposure system100, by Collin et al. Kim et al. synthesized platinum nanoparticles conjugated 

with HIV-1 TAT-derived peptide via a platinum binding peptide and studied its anti-oxidative effects in 

C. elegans. The authors observed greatly improved internalization and enhanced antioxidant effects141. In 

contrast, Hu et al. found that, with higher ratios of MUA to AuNPs, more severe toxicity was observed in 

C. elegans compared with bare AuNPs127. 

On the other hand, it is broadly accepted that NPs with positive charges, especially due to surface 

functionalization, induce higher toxicity than ones with negative charges57. For instance, Arndt et al. 

compared mortality and reproductive toxicity caused by identical CeO2-NPs but differently coated by 

cationic (diethylaminoethyl dextran; DEAE), anionic (carboxymethyl dextran; CM) and non-ionic (dextran; 

DEX) polymers. They observed approximately an order of magnitude higher toxicity induced by DEAE coated 

CeO2-NPs142. The same finding was also reported by Collin et al. that positively charged CeO2-NPs were 

significantly more toxic to C. elegans with a greater extent of bioaccumulation than the neutral and 

negatively charged CeO2-NPs100. But Hanna et al. assessed the toxicity of Si, Au, and polystyrene NPs with 

different charged coatings in a standard C. elegans toxicity assay system with food supply and concluded 

that positively charged NPs were observed to form a hetero-agglomeration with E. coli which would lead to 

a false positive toxic effect on growth and reproduction123. 

Effect of ion release 

The disintegration of NPs released metal ions that can be considered to make a partial contribution to 

the final toxicity of metal or metal oxide NPs61. Yang et al. reported that a linear relationship between 

dissolved silver and toxicity was discovered. Gum Arabic coated AgNPs (GA-AgNPs) are most toxic with the 

highest dissolved silver concentration, whereas citrate coated AgNPs are least toxic with the lowest 

dissolved silver106. In addition, Ahn et al. and Maurer et al. demonstrated that relatively higher toxicity of 

bare AgNPs126 and PVP-AgNPs61,143 could be partially due to dissolved silver ions, respectively. The 

occurrence of dissolved silver of PVP-AgNPs was also proposed in a modified toxicity assay medium109 or in 
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a common toxicity testing medium with the addition of NOM113 which was regarded to be involved in the 

triggered toxicity of AgNPs. Considering metal oxide NPs, Mashock et al. concluded that released copper 

ions from CuO-NPs are a major factor contributing to the observed toxicity of neuronal health and stress 

response81. The study made by O’Donnell provided evidence that apoptosis in germ cells and enhanced 

apoptosis effects promoted by ZnO-NPs exposure was partially due to ionic zinc144, correlated with the 

previous finding proposed by Ma et al145. Gonzalez-Moragas et al. also demonstrated that toxicity effects 

exerted by SPIONs were partly explained by the release of iron ions101. 

The dissolution of metal or metal oxide NPs could also occur under the light radiation condition for 

studying their phototoxicity. For instance, Nie et al. stated that full UV treatment enhanced AgNPs uptake 

which is also inclined to release more Ag+, a crucial factor influencing its toxicity146. 

Effect of radiation 

Some studies demonstrated that UV irradiation, as an environmental factor, and laser radiation, for 

biomedical applications, may enhance the toxicity of studied metal or metal oxide NPs57. Nie et al. reported 

that UV-radiation induced complex physicochemical changes of AgNPs which held a great impact on the 

toxicity on C. elegans146. The phototoxicity of ZnO-NPs was demonstrated by Ma et al. that three times’ 

increase of toxicity was detected under natural sunlight (NSL) compared to that under ambient artificial 

laboratory light (AALL) illumination147. Angelstorf et al. noted that light-induced production of reactive 

oxygen species (ROS) by TiO2-NPs increased their toxicity from a median effect concentration of 100 mg/L 

to 53 mg/L148.  

In view of biomedical applications, Foster et al. demonstrated that laser-induced photothermal, and 

accompanying nano- and microbubble phenomena, can injure or kill C. elegans containing gold nanoshells, 

gold nanospheres or magnetic (iron oxide) NPs at laser energies which are safe for humans. It has the 

potentiality of being applied to detect and physically eliminate small organisms and pathogen carriers149.  

In general, this section listed some factors related to physicochemical properties of NPs which are 

responsible for NP-induced toxicity effects. Some of them can be applied for the elucidation of the toxicity 

mechanism of SPIONs and AuNPs. 

1.5.4 Uptake, biodistribution and translocation 

C. elegans, especially young adults, could uptake particles of a size range of 0.5-3 µm150,151. The observed 

toxicity is partially correlated with the biodistribution of NPs inside worms. Benefiting from the transparency 

of C. elegans, applying multiple types of microscopy59 and novel techniques such as synchrotron radiation 

X-ray fluorescence (SRXRF)152 and Raman imaging153 techniques, we can localize NPs more easily and 

accurately. According to most of the research studying bio-distribution, metal and metal oxide NPs mainly 

distributed alongside the digestive tract, although some may translocate in the reproductive organ. For 

AgNPs, early studies stated that they were distributed alongside the digestive system154, as the major uptake 
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site. Maurer et al.143 and Yang et al.111 also considered the possibility of endocytosis in vivo by the lysosome. 

Luo et al. reported that they found small AgNPs in the subcutaneous tissue, gut lumen, and gonad, 

demonstrating that AgNPs penetrated cells of various tissues through the intestinal wall117. A similar 

discovery for silica NPs was proposed that they were not only observed in the lumen of pharynx and 

intestine155 but also in the egg-laying organ vulva and in spermathecae156. Oppositely, CuNPs were found 

only in the alimentary region152. The confinement of AuNPs in the intestine without translocation to other 

cellular compartments was also reported157,158. Gonzalez-Moragas et al.101,159 and Yu et al.140 demonstrated 

that most SPIONs were located inside the intestinal lumen, and only a small number could be detected in 

the endosomal/lysosomal compartment. It’s similar to the distribution pattern of CeO2-NPs that they were 

present in the digestive tract as well as on the cuticle129. On the contrary, TiO2-NPs were detected in the 

digestive lumen, extending from the pharynx to the anal region160. Additionally, more deposition was found 

in the tissue of the terminal bulb153 and into intestinal cells99 of passing through the biological membrane 

of the pharynx and intestine. Gupta et al. noted that 10 nm ZnO-NPs could be detected inside eggs with the 

main distribution inside the whole digestive tract134. 

1.5.5 Recovery and excretion of NPs from C. elegans  

Researchers had stated that acutely exposed worms might undergo the recovery process when they 

were transferred to normal culture conditions with E. coli, whereas worms after prolonged or 

multigenerational exposure might have difficulties in recovery57,62. One of the hypotheses is that NPs taken 

up inside worms in the liquid medium can be excreted with the resumption of food161,162. Rare earth fluoride 

nanocrystals (NCs)163 and fluorescent nanodiamonds (FND)164 could be fully excreted out from worms when 

they were fed with E. coli. Moreover, Gonzalez-Moragas’ work suggested that treated worms containing 

AuNPs or SPIONs could rapidly excrete them out with food resumption, confirming that the excretion 

process was regulated by the food availability101,158. On the other hand, exposed worms obtained from 

prolonged exposure to TiO2-NPs99 or multigenerational exposure to AgNPs165 or AuNPs166,167 couldn’t fully 

recover under the normal condition. 

1.5.6 Evaluation of toxicity mechanism of NPs in C. elegans  

1.5.6.1 Oxidative stress 

Oxidative stress, accumulation of molecular damage caused by byproducts called ROS, has been 

generally taken as the predominant cause for toxic effects on C. elegans induced by NPs exposure168. It can 

result in higher mortality, reduced body length, shortened lifespan, impaired locomotive behaviors, and 

reproductive damage in a size-specific manner57. Hu et al. and Kong et al. suggested that AuNPs127 and Ni-

NPs135 are likely capable of inducing higher oxidative stress which is responsible for multiple toxicities and 

reproductive toxicity observed, respectively. It’s also reported that AgNPs strongly enhanced the production 
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of oxidative stress with a dose-response effect169, and the related mitochondrial and DNA damage was likely 

to be the mechanisms of toxicity126. On the other hand, Pt-NPs, as an effective antioxidant, elicited strong 

resistance against excessive oxidative stress170, especially conjugated with TAT141. The discovery that ROS 

accumulation was closely associated with adverse effects was also proposed for metal oxide NPs such as 

Fe2O3-171, TiO2-130,172, CeO2-173, and Al2O3-NPs103. 

Further studies demonstrated that more severe toxicity was observed in mutants with the deletion of 

certain genes involved in the ROS defense mechanism61.  Multiples studies have proposed that sod-1134,174, 

sod-2102,175–177, sod-3102,106,129,174–178, sod-5174, mev-1106, and mtl-2106,129,175,177 are susceptible genes which 

response to NPs-induced ROS accumulation59. Moreover, Gonzalez-Moragas et al. not only identified several 

susceptible genes but also proposed key signaling pathways such as MAPK, Wnt, and Calcium pathway which 

may govern the response of C. elegans to SPIONs159. 

1.5.6.2 Signaling pathway  

Through pathway analysis in exposed worms, we can identify certain genes involved in the defense 

process against NPs exposure, which may be extrapolated to higher organisms, even humans57. Eom et al. 

found that the clathrin-mediated endocytosis pathway was a potential mechanism of SiO2-NPs uptake in 

C. elegans, further resulting in toxic outcomes94. Khare et al. indicated that exposure to ZnO-NPs induced 

altered gene expression which was related to Insulin/Insulin-like signaling (IIS) pathway in C. elegans133. 

Meanwhile, Hu et al. stated that, during the multigenerational exposure to TiO2-NPs, key genes in the IIS 

pathway actively regulated the expression of downstream genes with increased stress resistance179. 

Furthermore, several pathways were reported to respond to NPs toxicity cooperatively. For AgNPs, the 

MAPK cascade integrated with the oxidative stress signaling pathway played a pivotal role in defense 

process180–182. Kim et al. indicated that JAK/STAT together with TGF-ß, crosstalk pathways, were involved in 

reproductive toxicity and phototoxicity caused by TiO2-NPs183. The finding of Li et al. indicated that innate 

immunity in C. elegans under the regulation of SKN-1/Nrf and the p38 MAPK signaling pathway was 

suppressed by the early-life long-term exposure to ZnO-NPs184.  Moreover, Tsyusko et al. stated that specific 

and more general pathways were induced by AuNPs in C. elegans including the clathrin-mediated 

endocytosis, the unfolded protein response (UPR), Ca signaling and amyloid processing pathways. Due to 

the fact that some pathways were evolutionarily conserved from C. elegans to humans, thus it paves a 

promising avenue for future study185.  

1.6 Analytical techniques with potential to assess nano-bio interactions 

Diverse types of novel material science techniques have been adopted to study NPs’ behaviors in 

C. elegans59 to further understand their nano-bio interactions. For instance, the laser ablation inductively 

coupled plasma-mass spectrometry (LA-ICP-MS) method was developed for the elemental imaging and 

distribution of platinum186 and manganese187 in C. elegans. With LA-ICP-MS, Wang et al. found the increased 
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cadmium burden in gonads and embryos by concurrent exposure to TiO2-NPs, indicating the 

multigenerational reproductive toxicity of Cd188. Seznec’s group reported that particle-induced X-ray 

emission tomography (PIXET), the advanced version of particle-induced X-ray emission (PIXE)160, could give 

us defined information about ionic content and distribution of TiO2-NPs189. Raman spectroscopy has been 

applied to study the spatial distribution of ZnO-NPs190 and TiO2-NPs153 in C. elegans. McColl’s group 

conducted a series of research about the abundance and spatial localization of essential elements in 

C. elegans with synchrotron-based X-ray fluorescence microscopy (XFM)191–196. Additionally, other 

researchers investigated the aquatic toxicity of cadmium197, lanthanum198, cobalt NPs199, or CuNPs152 by XFM 

with the resulting disruption of metals distribution. Fourier transform infrared (FTIR) microspectroscopy has 

also been used to monitor the change of biochemical compositions of C. elegans such as carbohydrates, 

proteins, and lipids159,200–202. FTIR combined with focal plane array (FPA) allows us to differentiate different 

anatomical regions by varied IR spectra60.  

1.7 Conclusions 

Given the fact that nanomaterials are continuing to be widely used in all aspects of our life, studies of 

diverse types of NPs, complemented with advanced techniques including material science techniques, have 

been conducted in C. elegans to obtain comprehensive toxicity results to evaluate their nano-bio 

interactions. However, limited efforts have been taken to explore their toxic effects on C. elegans with the 

presence of food, with the consideration of potential clinical applications or environmental pollutions via 

the food chain. Due to the existing gap knowledge, there is a need to study the behavior and fate of NPs 

with food availability. We treat synchronized worms with SPIONs or citrated-AuNPs with the addition of 

heat-killed E. coli as the food68 and measure multiple toxicological endpoints. Moreover, we plan to use the 

synchrotron-based FTIR to study the relation between lipid oxidation and oxidative stress in treated worms 

and Raman spectroscopy to explore the laser-induced photothermal phenomenon with AuNPs inside 

C. elegans.  

1.8 Objectives and hypothesis 

The purposes of this thesis were to acquire general toxicological profiles of SPIONs and AuNPs in 

C. elegans and stress the importance of food presence in the toxicity evaluation system. The parameters 

were selectively chosen to approve our hypothesis among these known toxicity mechanisms caused by NPs’ 

treatments including lipid storage and lifespan (dysregulation of iron storage), locomotion behaviors and 

chemotaxis (neurotoxicity), the biodistribution and uptake amount of NPs (potential accumulation pattern), 

and characterization of NPs’ in vivo status (ionic release)203. The brief hypothesis was that food availability 

would positively decrease toxic effects of SPIONs and AuNPs on C. elegans.  
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Chapter 2 Protocols applied to assess the nano-bio interaction 
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2.1. Introduction 

The following parts show detailed protocols, including multiple material science techniques that we 

established or adopted to investigate interactions between inorganic nanoparticles (SPIONs, AuNPs) and 

C. elegans. The protocols and techniques are summarized in Table 1.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1 Techniques used in the investigation of interactions between NPs and C. elegans. 

 

2.2. Worms exposure conditions 

Worms synchronization  

C. elegans were cultured on nematode growth media (NGM) agar seeded with E. coli. Gravid worms 

were washed from NGM plates with M9 medium into a 1.5 mL centrifuge and cleaned with M9 medium for 

three rounds of centrifugation at 4400 rpm for 1 min to remove additional E. coli. The supernatant was 

removed, and a worm pellet was left at the bottom. The bleach solution is used to dissolve gravid worms to 

obtain a suspension containing only eggs204. To conduct the bleaching step, the worm pellet was dispersed 

into 900 µL M9 medium and 100 µL mixture of 5 M NaOH and NaClO with a ratio of 1:1. The resulting 1 mL 

solution was heavily vortexed around 4-6 mins related to the amount of worms. Then another three rounds 

of centrifugation at 5500 rpm for 1 min were performed to remove the basic solution. After the removal of 

the supernatant, the egg pellet was redispersed into 1 mL M9 medium and decanted into a 15 mL sterile 

falcon. Then, it was left under mild agitation overnight at room temperature. The next morning synchronized 

L1 staged worms were obtained.  

Preparation of heat-killed E. coli 

E. coli was incubated into the lysogeny broth (LB) medium at 37°C with mild agitation overnight. To 

collect solid E. coli from the resulting solution, three rounds of centrifugation at 6000 rpm for 15 min were 
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performed.  

The obtained E. coli pellet dispersed into sterile MilliQ water was concentrated to an optical density 

measurement OD600=0.5. The inactivation of E. coli was conducted by a heating process at 85°C for 30 min 

under mild agitation. To confirm the inactivation efficiency, several drops of inactivated E. coli solution were 

pipetted onto LB agar plates and incubated at 37°C overnight. No colonies formed around drops (shown in 

Figure 5). The obtained heat-killed E. coli was stored in the 4 °C fridge and should be used within one week. 

Figure 5 Confirmation of E. coli inactivation efficiency in 48 h, 4 drops of alive E. coli were put on the left part of the LB 
agar. 4 drops of heat-killed E. coli were put on the right part. The scale bar represents 20 mm. 

 

Acute and prolonged exposure conditions 

Young-adult staged worms exposed to NPs for 24 h was defined as the acute exposure57,76 (Figure 6). 

Synchronized L1 staged worms were transferred on the NGM agar plates seeded with E. coli and cultured at 

20°C for 48 h to reach the young-adult stage which is based on the lifecycle of C. elegans at 20°C205. Then, 

they were washed from plates with M9 medium (for exposure to SPIONs) or MilliQ water (for exposure to 

AuNPs) and cleaned by repeated rounds of centrifugation. With the removal of the supernatant, worms 

were redispersed in 500 µL M9 medium or MilliQ water. A 5 µL-pipette tip rinsed with 1x phosphate-buffered 

saline (PBS) + 0.01% Triton X-100 (PBST) was utilized to aliquot worms on a glass slide. The estimated 

number of worms was based on the average number of worms from these drops. The acute exposure assay 

was conducted in the 96-well-plate with a final volume of 100 µL containing around 15 worms with an 

additional 4 µL of heat-killed E. coli. 

Synchronized L1 larvae exposure to NPs for 72 h with E. coli was defined as the prolonged exposure57,76 

(Figure 6). The same cleaning process and steps of estimating the number of worms were applied before 

conducting prolonged exposure in the 96-well-plates. In each well, around 15 worms were dispersed in the 

100 µL solution. 4 µL of heat-killed E. coli was added every 24 h124.  

24-well-plate was used to prepare samples with a large population of worms for uptake quantification 

or assayed materials with a high propensity of aggregation. In each well, the volume of liquid was 1 mL 

containing 200 worms. The range of concentration was set depending on our previous published works and 

relative research59,101. The concentrations applied were 100, 300, and 500 µg/mL for SPIONs and AuNPs, 

respectively. 
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Figure 6 Schematic diagram of toxicological studies relevant to the different stages of C. elegans development, 
adapted from Wu57. 

 

2.3. Multiple toxicity endpoints 

This part describes experimental details with the use of C. elegans in determining SPIONs’ or AuNPs’ 

toxicities by examining survival, progeny, lifespan, intestinal integrity, lipid content, locomotion behavior, 

chemotaxis and biodistribution204. 

Survival and progeny assays 

In the survival assay, for the acute exposure, synchronized young-adult worms were treated with varying 

concentrations of SPIONs or AuNPs in the 96-well-plate with a total volume of 100 μL for 24 h with or 

without E. coli. For the prolonged exposure, synchronized L1-staged larvae were exposed to varying 

concentrations of SPIONs in the 96-well-plate with a total volume of 100 μL for 72 h with E. coli. Worms in 

wells under the dissecting microscopy were defined as alive if they moved or responded to the gentle touch 

by a worm-picker76.  

To study the brood size, worms from control and treatment groups were dispensed onto a 24-well plate 

with NGM agar seeded with E. coli at 20°C. Every 24 h each worm was transferred into a new well. After 72 

h, the number of offspring was counted as brood size. Twenty worms were checked per treatment. 

Lifespan assay 

Exposed worms were placed onto the NGM agar plate seeded with heat-killed E. coli containing 100 µM 

Fluorodeoxyuridine (FUdR)206 to cease the progeny proliferation. The day of placement was defined as T=0 

for the lifespan assay. The number of worms was scored every two days. If worms failed to respond to the 
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tapping on the plate or gentle touch on the head by a worm-picker, they were counted as dead. Worms that 

crawled on the wall of the plate or beneath the agar were not included in the final calculation of 

lifespan207,208. 

Intestinal integrity 

The preparation followed reported protocols with minor modifications209,210. Nile Red (Molecular Probes, 

Eugene, OR) dissolved in acetone with 0.5 mg/mL was stored at 4 °C as the stock solution. 150 µL of freshly 

prepared Nile red working solution (1 μg/mL) was in the incubation with nematodes under mild agitation 

for 0.5 h without light exposure. After multiple rounds of centrifugation with PBST to remove supernatant, 

worms were dispersed into 600 μL of PBST for 0.5 h in the dark, aiming to remove excess Nile red. Then, the 

same cleaning step was performed, and 50 μL of worm pellet was kept. Stained worms were mounted and 

immersed into 10 μL of 30 μM NaN3 solution on the glass slide with an agarose pad. Images were taken with 

identical settings and exposure time211. Thirty nematodes were examined per treatment.  

Lipid content 

Oil Red O stock solution was prepared by dissolving 50 mg powder into 10 mL 100% isopropanol. The 

solution was 40 % diluted with water and filtered through a 0.2 µm filter, regarded as the working solution. 

600 µL of freshly prepared Oil Red O working solution was incubated with worms already fixed by 4% 

paraformaldehyde for 2 h in the dark209,212,213. Stained worms were mounted on the glass slide with an 

agarose pad. Images were taken with identical settings and exposure time. Thirty nematodes were 

examined per treatment.  

Locomotion behavior 

Fifteen nematodes per condition were transferred onto a new NGM agar without bacterial and recorded 

for 20s. A body bend was defined as every time the mid-body reaching a maximum bending angle in the 

opposite direction from the bend previously counted130,214. Fifty worms in total were examined of each 

condition. 

Chemotaxis 

Exposed worms were collected and washed by centrifugation with CTX buffer215 to remove the excess 

NaCl. With the removal of the supernatant, the worm pellet was pipetted onto the starvation agar plate and 

starved for 4 h. Then, starved worms were recollected with CTX buffer and the same cleaning step was 

performed to have a worm pellet. Around 100 worms were transferred onto the chemotaxis assay plate 

(Figure 7B) prepared in the method reported before216,217. The worms were cultured on the plate for 1 h at 

20°C. Afterward, under the microscope, the number of worms at each spot were counted for the chemotaxis 

index (CI) calculation, shown in (Figure 7A). 
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Bio-distribution assay 

The bio-distribution assay was performed as described previously101. After exposure, worms were 

collected and fixed by 4% paraformaldehyde in MilliQ water for 2 h. To perform Prussian Blue staining, a 

freshly mixed Perl’s solution was incubated with fixed worms without light exposure for 1 h. Then, worms 

were cleaned with MilliQ water and mounted on the glass slide for observation under the dissecting 

microscopy. The alimentary tract of worms was divided into four sections: pharynx, anterior gut, central gut, 

and posterior gut (Figure 8). The presence of SPIONs by detecting blue color in each section was counted. 

Results were expressed as the percentage of worms retaining SPIONs in certain sections and represented in 

the color map. Fifty nematodes were studied per treatment. 

Figure 7 Chemotaxis assay (A) Chemotaxis index calculation equation, (B) Chemotaxis assay plate. 

 

Figure 8 Anatomical evaluations of NPs biodistribution inside C. elegans. 

 

2.4. NPs uptake in C. elegans 

The uptake amount of SPIONs is determined by inductively coupled mass plasma spectrometry (ICP-MS) 

and Superconductive Quantum Interference Device (SQUID) which is specifically for SPIONs due to their 

magnetic properties. 

2.4.1. Sample preparation 

Around 8000 young adult worms were treated in the 24-well-plate for 24 h. Then, worms were 

thoroughly washed with MilliQ water by centrifugation. After discarding the supernatant, 100 µL of 

concentrated worms containing SPIONs with a minimum amount of water was left as the pellet. Meanwhile, 

the total number of worms should be calculated. The iron content of the resulting solution was determined 

by ICP-MS with an Agilent 7500ce spectrometer158. 

The sample for magnetometry measurement was performed in the same steps. The worm pellet needed 

to be kept inside 60°C oven overnight to evaporate all the liquid and then put into a polycarbonate capsule 
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with a plastic speculum. The sample mass was determined by measuring the capsule before and after the 

addition of worms101. 

2.4.2. Physical analysis by magnetometry 

Superconductive Quantum Interference Device (SQUID) measurements were recorded on a 

magnetometer (Quantum Design MPMS5XL) to determine the magnetization of the SPIONs. Hysteresis 

loops were recorded at 5 K up to 5 Tesla. Due to the low magnetic signal determined by the small amount 

of SPIONs in samples, we needed to be precautious to handle sample preparations including removing 

SPIONs aggregation form the worm pellet, manipulating the capsule with plastic tweezers and filling the 

capsule tightly with cotton. We dried samples in the 1.5 mL centrifuge tube instead of the capsule, given 

that the capsule would be dissolved in liquid. Afterward, dried samples would be delivered into the capsule 

with plastic tweezers and compressed by a certain amount of cotton to make them stay firmly inside. 

The subtraction of the diamagnetic signal by fitting the high magnetic field was made to the raw data 

(Figure 9A) to obtain the hysteresis curve (Figure 9B). The remanence magnetization value of worms 

containing SPIONs MR(C. elegans) (Figure 9C) was divided by the total number of worms to get the magnetization 

per worm (emu/worm). To assess the SPIONs uptake amount per worm, MR(C. elegans) was divided by the  

Figure 9 Magnetization measurements of C. elegans treated by SPIONs. (A) Raw data, (B) Hysteresis curve by making 
the subtraction of the diamagnetic signal, (C) Enlarged image of the curve to determine the MR(C. elegans) value. 

 

2.4.3. Chemical analysis by ICP-MS 

Given that inductively coupled mass plasma spectrometry (ICP-MS) was performed to measure SPIONs 

uptake, we adopted a protocol to make a thorough cleaning of the worm pellet101. The sample was dissolved 

and measured by technicians, and duplicate assays were performed to obtain a stable value of iron content. 

The completely metal content divided by the number of worms (pg Fe/ worm) was regarded as SPIONs 

uptake. 

2.5. NPs status after exposure to C. elegans 

2.5.1. Physical analysis by magnetometry 

Samples were measured by zero-field-cooled/field-cooled magnetization (ZFC-FC) with measurement 
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settings (50 Oe applied field and 4-300 K). The blocking temperature TB(C. elegans) of internalized SPIONs shown 

in Figure 10B and the blocking temperature of original SPIONs TB(SPIONs) could be obtained. According to the 

Néel-Arrhenius equation (Figure 10A), the decrease could be calculated. 

 

 
 

Figure 10 (A) Equations used to calculate the size decrease. V is the NP volume; TB is the blocking temperature; r is the 
NP radius, (B) ZFC-FC measurement of internalized SPIONs at 4-300K. 

 

2.5.2. TEM analysis of internalized NPs 

After exposure upon SPIONs, worms were collected and washed with MilliQ water by centrifugation. 

Then a standard bleaching step was followed to dissolve C. elegans to obtain internalized SPIONs101. The 

resulting solution needed to be under the 14000 rpm centrifugation for 30 min to get a noticeable pellet. 

After removing the supernatant, the pellet was redispersed into the MilliQ water with 5 min sonication. 

Particle size distribution was analyzed by TEM. 

2.5.3. Excretion of ingested NPs  

C. elegans is a nematode that lives in the interstitial water containing dissolved or aggregated 

materials218. Meanwhile, upon resumption of the abundance of E. coli in the normal culturing condition, 

treated worms could be stimulated to increase the pharynx pumping rate219, and internalized NPs could be 

excreted fully within hours101,164. To perform the excretion assay, treated worms were collected and washed 

thoroughly with MilliQ water several times. Then, worms were pipetted on a freshly prepared NGM agar 

plate seeded with E. coli for up to 12h. The excretion process was checked by observing worms under the 

stereomicroscope. 

2.6. Qualitative analysis of oxidative stress 

The role of oxidative stress induced by SPIONs or AuNPs was studied by applying synchrotron Fourier 

transform infrared microspectroscopy (SR-μFTIR) with the MIRAS beamline at ALBA synchrotron 

(Barcelona, Spain). The degrees of lipid oxidation in C. elegans treated with and without SPIONs or AuNPs 

TB(C. elegans) 

A B 



27 
 

were measured. Given that we have limited access to ALBA due to overbooking applications and restricted 

length of time for taking measurements220, we spent tremendous time establishing and optimizing the 

protocol of sample preparation, even though so far, we have been successfully granted with one project per 

year.  

2.6.1. Sample preparation 

The protocol of sample preparations was adopted from our published paper159 with some modifications. 

Synchronized L3-staged worms were exposed in 50% M9 medium as control worms and to 500 μg/mL 

SPIONs in 50% M9 medium or 100 μg/mL AuNPs in MilliQ water as treated worms. After exposure, worms 

were collected into a 1.5 mL centrifuge tube and cleaned with MilliQ water thoroughly with multiple times’ 

centrifugation (4400 rpm, 1 min). Then, around 50 worms per condition were aliquoted on the CaF2 window 

into nine drops and dried in the vacuum condition at room temperature overnight. In this way, over-

aggregation or overlaying of worms could be prevented during the vacuum drying process (shown in Figure 

11).  

 

 

 

 

 

 

Figure 11 Visual images of C. elegans on the CaF2 window for the SR-μFTIR measurement. 
 

2.6.2. Spectral optimization and data analysis 

SR-μFTIR experiments were performed with a Hyperion 3000 Microscope coupled to a Vertex 70 

spectrometer (Brucker) equipped with a 36x magnification objective. The spectrum range was 650−4000 

cm-1, and the spectra collection was done in transmission mode at 4 cm-1 spectral resolution. For the single-

point measurement, a mercury cadmium telluride (MCT) detector was used with an aperture dimension of 

10 μm × 10 μm, and synchrotron light was used co-adding from 128-256 scans. Background spectra were 

collected from a clean area on each CaF2 window every 30 s. A focal plane array (FPA) detector was used for 

imaging measurement using the internal source co-adding 256 scans221.  

FTIR data was analyzed with OPUS 7.5 (Brucker), Unscrambler 10.5, and Matlab R2010b (Mathworks). 

Spectra with signs of low signal to noise ratio or saturation were deleted. The remaining spectra were 

corrected for Resonant Mie Scattering (R-mie) by an open-source algorithm provided by Gardner group222. 
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Matrigel was used as a reference spectrum, 10 iterations, a scattering particle diameter between 2-18 μm, 

and a refractive index 1.1-1.5. A second-order Savitsky-Golay derivative with 9 smoothing points and a 

polynomial order of two was applied to the corrected data. Lipid oxidation was determined by calculating 

the following ratio of each spectra, vs(C=O) 1745 cm-1 / (vas (CH2) 2921 cm-1)223. The scheme flow of spectral 

optimization was shown in Figure 12. 

Figure 12 (A) The scheme flow of the spectral optimization, (B) Raw data, (C) Remaining spectra after the removal of 
spectra with signs of low signal to noise ratio or saturation, (D) The spectra of C with the R-mie correction, (E) The 
application of 2nd derivative on the spectra shown in D, The peaks used for calculating lipid oxidation ratios are marked. 

 

2.7. Photothermal effect 

2.7.1. Sample preparation 

The photothermal effect triggered by AuNPs was studied by applying Raman spectroscopy. Synchronized 

young-adult C. elegans were exposed to AuNPs in MilliQ water (treated worms) for 24 h. Then, treated 

worms were cleaned by centrifugation with MilliQ water to remove the excess AuNPs. Several drops of 

treated worms were aliquoted onto a clean glass slide on one side with an extra one drop of AuNPs on the 
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other side, shown in Figure 13.  

 

 

Figure 13 Sample preparation for photothermal effect study. 

 

 
Figure 14 (A) Raman microscopy (apyron∞, WITec company), (B) The screenshot of the video recorded by the infrared 
camera. The red square showed the location where the temperature was monitored, within the chamber of the Raman 
microscope. The bright spot within the red square is the spot of laser irradiation. The value was the instant temperature 
of the red square. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 15 (A) The square zone with red boundary was set on the AuNPs, (B) The image of the zone before laser irradiation, 
(C) The image of the zone after laser irradiation. 

 

2.7.2. Raman spectra analysis 

AuNPs inside worms were under the irradiation using a 785 nm wavelength laser source at different 

power powers224,225 (apyron∞, WITec company) (Figure 14A). Three different irradiation modes were 

applied, namely “fix-point”, “line-scan”, and “large-scale-image-scan”. The “fix-point” mode was performed 

on one fixed position with stable or varied laser power. In the “line-scan” mode, 100 points per line with an 

integration time of 1.03 s was set. In the “large-scale-image-scan” mode, within the square zone, three line-

scans of 100 points were applied with a scan speed of 103.3 s. A trail of “large-scale-image-scan” was 

A B C 

A B 



30 
 

performed on the AuNPs, shown in Figure 15. An infrared camera was also set to record temperature 

variations surrounding the laser spot (Figure 14B). Raman spectra and mapping results were analyzed by 

WItec Project 4.1. 

2.8. Statistical analysis  

Prism 8.2 was used for the statistical analysis. Statistical significance between the two groups was 

assessed by T-test. For the multiple toxicity endpoint assays, statistical significance between more than two 

groups was assessed using ANOVA followed by the Tukey test. Three levels of statistical significance were 

considered in all cases: p < 0.0332 (*), p < 0.0021 (**), p < 0.0002 (***), and p < 0.0001 (****). 

2.9. Chapter conclusion 

From the material science technical viewpoint, SR-μFTIR and Raman spectroscopy had been utilized to 

study changes in chemical compositions and physical properties. Notably, SR-μFTIR, as a sensitive and non-

destructive technique to study complex and intact nematodes, could advance our understanding of 

genotype-related toxicity mechanisms induced by nanoparticles. 

From the biological viewpoint, multiple sublethal toxicity endpoints were applied to achieve a general 

study of molecular pathways triggered in C. elegans exposed upon nanoparticles. 

To sum up, a collaborative network of material science and biological techniques could promote the 

research of nano-bio interaction between nanoparticles and C. elegans. 
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Chapter 3 Evaluation of SPIONs applying C. elegans. The influence of food 

availability and varied exposure durations  
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3.1. Introduction of superparamagnetic iron oxide nanoparticles 

Nanoscience has developed substantially in the past decade; a tremendous amount of research efforts 

has been extended into the development of nanoparticles’ synthesis and their broad medical 

applications226,227. Iron oxide nanoparticles (IONPs) have attracted great attention due to their intrinsic 

biocompatibility and their response to an external applied magnetic fields228,229. IONPs can distort the 

magnetic field of their surrounding environment as a basis for enhanced contrast in magnetic resonance 

imaging (MRI)228,230. Furthermore, with externally applied magnetic fields, we can achieve in the particle 

translation, rotation, and even energy dissipation in the form of heat228, leading to the applications in 

magnetically controlled drug delivery and magnetic hyperthermia227,228. Superparamagnetic iron oxide 

nanoparticles (SPIONs) are excellent examples and are promising candidates for multiple bio-applications, 

as they possess properties of high biocompatibility, low toxicity, and non-immunogenicity226,231. SPIONs can 

also be used in magnetically promoted cancer cell apoptosis227, magnetic separation232, gene therapy, bio-

sensors227, and treatment for iron-deficiency 231,233. So far, SPIONs have been clinically approved for anemia 

treatment and to be applied as MRI contrast agents, Ferumoxytol (trade name: Feraheme™)13,14 and 

Ferrotran®1, respectively. 

Regarding SPIONs’ potential for drug delivery, studies of how they behave in vivo are required231. The 

optimal administration route of NP-mediated drug delivery also needs to be considered234. The oral 

administration, as the most preferred administration route38, is widely accepted by patients. The 

interactions between NPs and biomolecules in the gastrointestinal tract (GI) including food components and 

digestive enzymes42,43 would modify the in vivo fate and further affect their therapeutic efficacy33,42,44,45.  

In general, researchers study diverse toxicological profiles of different NPs through in vitro or in vivo 

assays56. Simple non-mammalian models are typically used in the early stages of research which can 

minimize the cost and deliver answers to in vivo toxicological questions with relevance at the organism 

level77,235,236. Among them, Caenorhabditis elegans (C. elegans) has been widely proved to be a powerful 

and valuable non-mammalian alternative toxicity assay model57–59,235, with many advantages such as small 

size, short and prolific life cycle, ease of maintenance, transparency, etc59,61,66,67. C. elegans can orally uptake 

NPs via the pharynx with food in the exposure system and transport them into the intestinal lumen which 

is a weakly acidic compartment of around pH 4.471 containing digestive enzymes72. Together with the great 

diversity of toxicity endpoints, C. elegans is the our-choice model organism for rapid toxicity screening and 

studying the influence of food availability65. 

3.2. Aims 

The aims were to study the influence of food supply on the interaction between SPIONs and C. elegans 

through measuring multiple sublethal endpoints, such as survival, reproduction, lifespan, etc. and using 

varied types of material science techniques for example TEM and Superconducting Quantum Interference 
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Devices (SQUID). This study also would evaluate the suitability of this animal model to study the interaction 

of food-NPs in a fast and reliable methodology.  

3.3. SPIONs synthesis and characterization 

SPIONs were synthesized by a fast microwave-assisted thermal decomposition method following 

previously reported protocols101. The synthesis was performed by colleagues from our group. Briefly, 0.35 

mmol iron acetylacetonate Fe(acac)3 was dissolved into 4.5 mL benzyl alcohol in a microwave glass tube and 

vortexed for 2 minutes. The reaction tube was put into the microwave reactor (Figure 16A) and the following 

heating ramp was applied: 1) 5 min at 60 °C, 2) 10 min reaction at 180 °C, 3) cooling down to 50°C in 3 min 

using compressed nitrogen77 (Figure 16B). After the reaction, the black solution was transferred into a 50 

mL centrifugal tube, filled up to 40 mL with acetone, and centrifuged at 6000 rpm for 30 min to precipitate 

SPIONs. The supernatant was removed and the tube was refilled with acetone and centrifuged in the same 

condition. In the end, the obtained black pellet inside the tube was dispersed in 2 mL MilliQ water containing 

5% sodium citrate Na3Cit, and the tube was agitated overnight. After 12 h, the tube was filled with acetone 

and another round of centrifugation was applied to remove the extra Na3Cit. After the removal of acetone, 

the SPIONs pellet was fully dried in the 60 °C oven overnight and kept in the tube tightly sealed with parafilm.  

SPIONs were maintained in a monodisperse colloidal dispersion in aqueous media. SPIONs were 

characterized by TEM, DLS, and SQUID. SPIONs had a diameter of 5.8±1.2 nm with a hydrodynamic mean 

diameter of 20 nm in MilliQ water and 36 nm in M9 medium. Electron diffraction rings confirmed the inverse 

spinel structure (γ-Fe2O3 or Fe3O4) of SPIONs. Superparamagnetic properties were confirmed, exhibiting a 

magnetization of 68 emu/g, the hysteresis loops at 5 K showed remanence. The characterization results are 

shown in Figure 17. 

 

 

 

 

 

 
 
 
 
Figure 16 Microwave-assisted synthesis of SPIONs (A) The CEM Focused Microwave Synthesis System, (B) The 
temperature ramp indicating three steps: 1) 5 min at 60 °C, 2) 10 min reaction at 180 °C, 3) cooling down to 50°C in 3 
min. 
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3.4. Toxicity analysis 

C. elegans community has developed assays and standardized protocols, which are ideal for screening 

diverse NPs in any materials–chemistry laboratory62. Endpoints and standardized protocols are detailed in 

Chapter 2. The majority of these toxicity assays are designed to evaluate NPs influence on different systems 

of C. elegans, containing the alimentary system, reproductive system, neuronal system, and immune 

system62,68. However, the choice of optimal endpoints for studying NPs’ toxicities may rely on several factors, 

for instance, sensitivity, accuracy, and maneuverability, etc237,238.  

Figure 17 Structural characterization of SPIONs. (A) TEM image, (B) TEM size distribution, (C) SAED pattern indexed to 
an inverse spinel structure, (D) SPIONs stability in MilliQ water and M9 medium, (E) M(H) measurement at 300K up to 
6 Tesla. 

 
Generally, to study IONPs’ toxicities in C. elegans, survival101 and mortality rate measurements are 

commonly performed for determining the overall fitness and lifespan of C. elegans62. The shortened lifespan 

is related to stress response from ROS production239 or free iron ions dissolved from IONPs208,239,240. 

Behavioral (locomotion and chemotaxis)62,102 and reproductive (progeny) assays239 can serve as sensitive 

indicators of adverse effects from IONPs238,241. The decreased reproduction correlates with endogenic stress 

like ROS induced by IONPs102. IONPs can also behave as a neurotoxin causing altered locomotive behaviors 

suggesting the possible dysfunction of the neural system102,171,242.  

C. elegans provides a platform for deciphering the homeostatic mechanisms of fat regulation in intact 

model organisms243. In addition, these metabolic responses are coordinately regulated by various endocrine 

signaling pathways, such as the insulin signaling pathway211,244. On the other hand, C. elegans can be applied 
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as a promising model due to the high conservation of many proteins involved in iron homeostasis, including 

iron uptake (SMF-3), storage (FTN-1 and FTN-2, encoding ferritin, transcribed by ftn-1 and ftn-2), and export 

(FPN-1.1, FPN-1.2, FPN-1.3, encoding ferroportin)211,245. 

In this chapter, I studied the influence of food availability on C. elegans after acute or prolonged exposure 

upon SPIONs. Synchronized young-adult staged worms exposed to SPIONs for 24 h and synchronized L1 

larvae exposed to SPIONs for 72 h were defined as the acute and prolonged exposure, respectively57,76. 

Previous reports showed that small silver nanoparticles (25 nm) could accumulate inside alive E. coli cells 

and exhibit detrimental effects on C. elegans through the food chain117. Thus, in order to avoid any 

interaction with our nanoparticles, SPIONs, we used heat-killed E. coli. After the exposure, survival, progeny, 

lifespan, intestinal integrity, lipid content, locomotion behavior, and chemotaxis were studied (shown in 

Figure 18). 

Figure 18 Graphical representations to describe the acute/prolonged exposure conditions and studies toxicity endpoints. 
 

3.4.1. Acute exposure 

In this section, multiple toxicity assays were performed with worms over a 24 h exposure to study acute 

toxicity of SPIONs. We evaluated and compared the toxicity of SPIONs with and without food.  

Survival 

Survival was calculated by counting worms defined as alive if they moved or responded to the gentle 

touch by a worm-picker76 after 24 h exposure to SPIONs. We found that, with the presence of food, there 

was no mortality even at the highest concentration of 500 µg/mL (Figure 19A). If we compare this result to 

the exposure of SPIONs without food, we found a 45% increase in survival101, implying the protective role 

of the food in the acute exposure to SPIONs. 

Reproduction 

Reproduction was determined by counting the total number of offspring laid by exposed C. elegans after 

72 h cultured on the NGM agar seeded with E. coli204. With the addition of food, there was a slight decrease 
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in reproduction percentage in worms exposed to 500 µg/mL compared to the control group but with no 

significant difference (Figure 19B). Compared with 81% reproduction rate of 500 µg/mL SPIONs exposure 

condition without food, it indicated a beneficial effect provided by food161,246. 

Figure 19 Effects of food availability on the survival (A) and reproduction (B) of C. elegans (n=3) exposed to increasing 
concentrations of SPIONS. Bars indicate the mean ± S.E.M. p < 0.0332 (*), p < 0.0021 (**), p < 0.0002 (***). 

 

Lifespan 

Lifespan was assessed by measuring the longevity of treated worms under controlled conditions 

containing 100 µM Fluorodeoxyuridine (FUdR) to prevent additional progeny production and bagging206,247. 

After acute exposure, a dose-dependence decrease of lifespan could be observed independently of the 

presence of food in the exposure condition (Figure 20). It indicated that exposure to SPIONs could result in 

a shortened lifespan. Besides, the addition of food couldn’t decrease the detrimental effects of SPIONs on 

the lifespan of C. elegans. 

Figure 20 Effects of food availability on the lifespan of C. elegans after acute exposure upon SPIONs. (n=3). Bands 
represented SD. 

Intestinal integrity 

The intestine is the major site within the alimentary system of C. elegans under stress induced by NPs 

uptake through the ingestion process207. The disruption of intestinal integrity would allow NPs to translocate 
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into the secondary organs such as reproductive organs, possibly inducing reprotoxicity248 or 

transgenerational toxicity244. As shown in Figure 21, the relatively brighter parts because of Nile red staining 

within the whole worm represented the intestinal lumen. Intestinal integrity was determined by the 

comparison of relative fluorescent intensities from the intestine between control and treatment groups248 

(Figure 21). If there was no difference discovered, it suggested that the intestinal integrity was still 

maintained after exposure. We found that acute exposure of SPIONs didn’t impair the intestinal integrity 

regardless of food presence (Figure 22A), indicating that no severe deficit of intestinal structure was caused 

by SPIONs exposure. 

 

 

 

 

 

 

 

 

 

 
 

Figure 21 Nile red staining images of worms treated in control and 300 µg/mL SPIONs conditions. 

 
Figure 22 Effects of food availability on intestinal integrity (A) and lipid content (B) of C. elegans after acute exposure 
upon SPIONs (n=3). Bars indicate mean ± S.E.M. p < 0.0332 (*), p < 0.0021 (**), p < 0.0002 (***). 
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Lipid content 

Lipid content was investigated by applying Oil Red O to assess the fat store213 of worms as the intensity 

of the stain is related to the amount of lipids in the animal. We compared the fat quantity of control and 

SPIONs-treated worms in the presence and absence of food. In both scenarios, there was a dose-

dependence lipid accumulation tendency (Figure 22B). It might be correlated with findings of iron-promoted 

lipid accumulation proposed by Wang et al211. They demonstrated that, under iron overload, there was an 

iron-induced fat accumulation in C. elegans, indicated by increased size of lipid droplets (LDs) and 

abundance of large-sized LDs211. Moreover, the metabolic responses of worms are coordinately regulated 

by various endocrine pathways such as insulin signaling pathways243. However, the increment of relative 

intensities is lower when food is available, revealing an effect of food availability on the lipid metabolism of 

the worm.  

Figure 23 Effects of food availability on body bending frequency (A) and chemotaxis (B) of C. elegans after acute 
exposure upon SPIONs (n=3). Groups with and without food availability were separately analyzed. Bars indicate mean ± 
S.E.M. p < 0.0332 (*), p < 0.0021. 

Locomotion behavior 

Locomotion behavior was studied by measuring the body bending frequency of worms after exposure 

to SPIONs. We found that it had a dose-dependent decrease in conditions of with or without food (Figure 

23A). The body bending frequency decreased from 34 to 26 and 33 to 25 per 20 s in conditions with or 

without food availability, respectively. There was a significant difference between control and treatment 

groups suggesting some underlying neurotoxicity on the movement87,249. 

Chemotaxis index 

The assay of chemotaxis towards sodium chloride was conducted to evaluate the potential neurotoxicity 

induced after exposure to SPIONs. From the results (Figure 23B), a decreased chemotaxis of worms exposed 

to higher concentrations of SPIONs was detected. It indicated that ASE neurons (ASEL and ASER)250, 

especially the ASEL neuron which is stimulated by the increases in the concentrations of NaCl251 or neural 
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circuits88, involved in the chemotaxis, might be dysregulated after SPIONs exposure. Moreover, with the 

presence of food, we found a relatively less decline in chemotaxis indicating a beneficial influence from food.  

To sum up, we conducted a series of toxicity evaluation assays on C. elegans exposed to a range of 

SPIONs for 24 h with or without E. coli. Without food availability, exposure upon SPIONs induced lipid 

accumulation, shortened lifespan, locomotive deficits, and impaired chemotaxis consistent with others’ 

work87,211,244. However, the intestinal integrity was maintained. On the other hand, with food availability, no 

detrimental effects were observed on survival, reproduction, and intestinal integrity. Moreover, We 

detected reduced adverse influences chemotaxis, indicating that food played a beneficial role161,252. But the 

equivalent level of lipid accumulation, locomotive deficits and shortened lifespan suggested that food could 

provide limited protections for worms. 

3.4.2. Prolonged exposure 

Survival 

After 72 h exposure upon SPIONs, survival was determined by the same method mentioned above76. We 

found that, with the daily addition of food, no severe effect happened to the survival (Figure 24A). L1 larvae 

of all treatment conditions developed to reach the adult stage (Figure 24C). 

Figure 24 Effects of SPIONs on survival (A) and reproduction (B) of C. elegans after prolonged exposure with food 
availability (n=3). Bars indicate mean ± S.E.M.(C) The L1 larva after prolonged exposure to SPIONs with E. coli. The scale 
bar represented 30 µm. 

Figure 25 Effects of SPIONs on Nile red staining results (A) and Oil Red O staining results (B) of C. elegans after prolonged 
exposure with food availability (n=3). Bars indicate mean ± S.E.M. 
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Reproduction 

Reproduction was determined by counting the total number of offspring laid by treated C. elegans in 72 

h cultured on the NGM agar seeded with E. coli204. As it’s shown in Figure 24B, there was no significant 

difference in the reproduction percentage between control and treated worms, indicating that food 

exhibited protective effects116,252. 

Intestinal integrity 

Intestinal integrity was evaluated by comparison of relative fluorescent intensities from the intestine 

stained by Nile red between control and treatment groups248. Compared with control worms, there was no 

enhancement in the relative fluorescent intensity of treated worms suggesting no effect on the intestinal 

integrity. The normal state of that in treated worms was still maintained (Figure 25A)210. 

Lipid content 

The study of lipid content comparison was conducted by applying Oil Red O to assess the fat store213. 

The lipid storage of treated and non-treated worms was relatively equivalent (Figure 25B), indicating that 

lipid accumulation was not induced.  

Figure 26 Effects of SPIONs on the lifespan (A) and body bending frequency (B) of C. elegans after prolonged exposure 
with food availability (n=3). Bars indicate mean ± S.E.M. p < 0.0332 (*), p < 0.0021 (**), p < 0.0002 (***). 

Lifespan 

Lifespan was determined by the life expectancy of treated worms under control conditions containing 

100 µM FUdR206. After prolonged exposure to different concentrations of SPIONs, we found a dose-

dependent shortened lifespan (Figure 26A) that indicated a detrimental influence on C.  elegans after 

the prolonged exposure to SPIONs. 

Locomotion behavior 

Locomotion behavior study was performed by measuring the body bending frequency of worms after 

prolonged exposure to SPIONs. As shown in Figure 26B, we found a dose-response decrease in body bending 
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frequency.  

To summarize, with continuous uptake of food, L1 larvae survived and developed in a stressed 

environment. Prolonged exposure didn’t impair the intestinal integrity or alter lipid storage. However, 

accumulated locomotive deficits occurred from the declined body bending frequency results and shortened 

lifespan might be explained by “trade-off” effects. It meant that energy providing by consumed food was 

more distributed for worms’ growth than antioxidative defense against ROS under the long-term of iron 

stress condition159,207,246. 

Through the comparison of toxicity endpoints of worms separately treated in acute and prolonged 

exposure conditions with the presence of food, we found a similar extent of locomotive deficits and shorted 

lifespan except for the accumulated lipid content of worms after acute exposure (Table 2). It could be 

attributed to the notion that adult worms are more stress-resistant to deal with the toxicities from NPs 

compared with L1 larvae253. The adult nematodes could make flexible responses to defend or compensate 

for detrimental impacts on the whole-body system (a tendency of lipid accumulation). In general, L1-stage 

worms are more sensitive to the NP-induced toxicity59,100. L1 larvae need to distribute more energy to assure 

that they could survive and develop in the toxic environment, especially in the varying nutritional conditions 

(same level of lipid content)254,255. On the other hand, it might be correlated with the extended exposure 

time in the prolonged exposure condition. It had been reported that prolonged exposure upon NPs could 

induce adverse effects on locomotion behaviours176,256. 

Table 2 The summary of diverse toxicity endpoints of C. elegans after acute or prolonged exposure upon SPIONs with 
and without food. 

3.5. Biodistribution of SPIONs 

We reported that, without the addition of food, after acute exposure, SPIONs were distributed primarily 

in the pharynx, closer to the entry portal77, and the intestine101. Additionally, due to the continuous uptake 

of food and SPIONs, we expected a shifted gradient of more SPIONs observed in the intestinal area. 

Benefiting from the optical transparency of C. elegans and blue color from SPIONs stained by Prussian Blue, 

we confirmed the location of SPIONs inside C. elegans. Internalized SPIONs could be observed clearly under 

the microscope (Figure 27). Despite exposure upon different concentrations of SPIONs, we observed high 

percentages of worms with homogeneous distribution inside the intestinal cavity (Figure 28).  

Before, we discovered that internalized SPIONs of treated worms could be fully excreted with the 
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resumption of food indicating that food availability could allow a continuous cycle of feeding-defecation101. 

George A. Lemieux et al. discovered that the pharyngeal pumping rate responded to a variety of external 

and internal cues, including food availability, food quality, and developmental state257. The pumping rate of 

young adults increases two times in the presence of a food source219. Therefore, it is plausible that food 

availability could still facilitate the uptake of SPIONs, in agreement with previous studies246. 

 
 
 
 
 
 
 
 
 
Figure 27 Prussian blue-stained worms after acute exposure to 500 µg/mL SPIONs with E. coli. Scale bar represents 30 

µm. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 28 Biodistribution of SPIONs in C. elegans after acute exposure to varying concentrations of SPIONs with E. coli 
(50 worms per sample). The upper simplified graph showed the division of the alimentary system: pharynx, anterior gut, 
central gut, and posteri 

 

3.6. SPIONs uptake in C. elegans  

Several types of techniques have been applied to measure the iron content of C. elegans including 

inductively-coupled plasma mass spectrometry (ICP-MS)101,258, atomic absorption spectrophotometry 

(AAS)259, liquid scintillation260 and colorimetric measurement119 related to specific properties of studied 

iron-containing materials.  

In this part, we quantified the SPIONs uptake by conducting a physical approach SQUID magnetometry, 

self-established and validated101, and a chemical technique ICP-MS. 

3.6.1. Magnetometry 

Superconducting Quantum Interference Devices (SQUID) are the most powerful magnetic flux detectors 

allowing us to study magnetic properties of samples with very low magnetic moment59. Thanks to the high 
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sensitivity, SQUID had been successfully utilized to quantify the uptake amount of SPIONs in biological 

samples, such as C. elegans101. The adapted SQUID measurement setting was performed to quantify the 

loading and study the status of SPIONs in C. elegans after the acute exposure to 500 µg/mL SPIONs with 

food availability. The remanence magnetization over the magnetic field was used to calculate the SPIONs 

uptake, while the magnetization over temperature, known as Zero Field Cooled Fielded Cooled (ZFC-FC), 

was applied to reveal their status inside worms. ZFC-FC analysis was presented in Section 2.5.1. 

Given that the known total number of worms in samples and obtained remanence magnetization values 

(Figure 29), we found that the iron uptake per worm was around three times more than that of worms 

exposed to SPIONs without E. coli101 (Table 3), correlated with a well-accepted viewpoint that the dietary 

route could facilitate the uptake efficiency161,246,261 possibly stimulated by the presence of food262.  

Figure 29 (A) Enlarged magnetic hysteresis of SPIONs at 5 K showing the remanence magnetization MR(SPIONs), and (B) 
Enlarged magnetic hysteresis of treated worms at 5 K showing the remanence magnetization MR (C. elegans). 

 
 
 
 
 
 
 
 
 

Table 3 Comparison of the SPIONs uptake results by SQUIDs and ICP-MS. The relative error was indicated. 

 

3.6.2. Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 

ICP-MS, a sensitive analytical tool, is used to provide the total mass of certain elements157. To validate 

results from magnetometry, we conducted an ICP-MS measurement of worms with internalized SPIONs. The 

same batch of synthesized SPIONs was used in the sample preparation for SQUID and ICP-MS measurements. 

As shown in Table 3, iron uptake amount values obtained from both techniques with a small error indicated 

that they were in good agreement correlated with our previous findings101. This second technique confirmed 

the results with SQUID and validated the increased uptake efficiency of SPIONs in the presence of food. 
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3.7. NPs status inside C. elegans 

The role of food availability in the exposure system is mostly considered as the energy source to mimic 

environmental conditions. Metal ion release from nanoparticles ingestion is mainly taken as the 

predominant factor which induces or contributes to toxic effects on C. elegans81,124,154. However, as far as 

we know, the relationship between food presence and nanoparticles’ structural modification is seldom 

addressed. Merely few studies have reported upgraded uptake efficiency of metal salts attributed to food 

existence162,218,262. To look into the impact of food availability on the structural integrity of internalized 

SPIONs, after acute exposure, magnetometry measurement and Transmission electron microscope (TEM) 

analysis of excreted SPIONs were conducted. 

3.7.1. Zero Field Cooled/ Field Cooled Magnetometry (ZFC-FC) 

The maximum value of the plotted ZFC-FC curve is the blocking temperature (TB). The size variation was 

evaluated by applying the Néel-Arrhenius equation with blocking temperatures of SPIONs and internalized 

SPIONs inside C. elegans (Figure 30). The sharp peak of the curve at the low temperature indicated that the 

paramagnetic component existed probably due to the presence of iron ions101. We found a 14% size 

decrease of SPIONs after 24 h inside C. elegans with the presence of food indicating the occurrence of partial 

digestion and released iron ions101,263. This decrease seems to be related to the weakly acidic 

microenvironment and the abundance of digestive enzymes of C. elegans intestine72. 

 

 

 

 

 

 

 

Figure 30 ZFC-FC graphs of synthesized SPIONs and internalized SPIONs inside C. elegans. 

3.7.2. Transmission electron microscopy (TEM) 

With the adapted bleaching method to dissolve C. elegans, internalized SPIONs were obtained and 

characterized by the TEM technique (Figure 31B). Through the size comparison of synthesized and 

internalized SPIONs (Figure 31A), we found a 13.7% size decrease consistent with our results from ZFC-FC 

measurement (Table 4). 
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Figure 31 (A) Gaussian distribution of synthesized SPIONs and internalized SPIONs inside C. elegans, (B) TEM image of 
SPIONs after the recovery process. 

 

 

 

 

 

 

Table 4 Size decrease of internalized SPIONs and synthesized SPIONs estimated from ZFC-FC and TEM techniques. 

 

In summary, a low extent of iron release occurred partially resulting from the long residence time of 

SPIONs in the intestinal microenvironment of low pH101. The presence of food could stimulate digestive 

enzymes to degrade the structure of SPIONs. The free iron ions released into the intestine may result in iron 

overload which disrupted the iron homeostasis244,245. Iron homeostasis interruption could affect different 

biological pathways; among them, oxidative stress is one of them159. 

3.8. Qualitative analysis of oxidative stress 

Reactive oxygen species (ROS) are naturally generated as byproducts during cellular metabolism264, 

including superoxide (O2
−), hydroxyl radical (•OH), and hydrogen peroxide (H2O2)265. In eukaryotes, SOD, a 

major enzyme, catalyzes the removal of O2
− to protect against oxidative stress, containing cytosolic CuZn-

SOD, extracellular CuZn-SOD, and Mn-SOD. In C. elegans, sod-2 and sod-3 each encode Mn-SOD159,264. Iron 

is known to contribute to ROS production through Fenton and Fenton-like reactions266,267. Thus, ROS 

production may be one of the main mechanisms of inducing toxicity in C. elegans exposed to SPIONs, 

especially high concentrations of SPIONs which could overwhelm antioxidant systems265,267. Previously, by 

synchrotron Fourier Transform Infrared (SR-μFTIR) microspectroscopy, we stated the presence of oxidative 

stress by identifying a higher level of lipid oxidation ration in treated worms159. We conducted a general 
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research to study the effect of exposure durations and concentrations to better understand the kinetics and 

dynamics of SPIONs-induced oxidative stress in vivo, which is still poorly understood. 

SR-μFTIR microspectroscopy is a powerful and non-destructive200 technique that can potentially be 

applied to estimate chemical compositions of various materials, including intact nematodes60. SR-μFTIR 

microspectroscopy using synchrotron radiation (SR) source can help to improve the signal to noise ratio268, 

it allows the better spatial study of specific bands with high sensitivity269. Furthermore, Focal Plane Array 

(FPA) detectors pave a new avenue to let us obtain imaging of a relatively large sample area even the whole 

body and distributions of varied characteristic bands201. 

We exposed synchronized L1-staged worms to 100 and 500 µg/mL SPIONs for 4 h as the short-term 

exposure and 24 h as the acute exposure, respectively. N2 wild-type and VC433 (sod-3 deficiency) mutant 

worms were selected to investigate the oxidative effect induced by SPIONs treatment on the level of lipid 

oxidation. 

 
 
 
 
 

 

 

 
 
 
 
 

Figure 32 The peaks used for calculating lipid oxidation ratios are marked in the spectra with the application of the 2nd 
derivative. The peak 1745 cm-1 corresponded to the carbonyl group of the ester bond. The peak 2921 cm-1 corresponded 
to the asymmetric stretch from CH2. 

3.8.1. Study of exposure time 

It’s reported that the peak 1745 cm-1 representing the absorption of the carbonyl group of the ester 

bond could serve as the indicator of lipid oxidation269. And the peak 2921 cm-1 corresponded to the 

asymmetric stretch from CH2
60,270 (Figure 32). The ratio (1745 cm-1 / 2921 cm-1), associated with the 

increased aldehyde groups from the lipid oxidation271,272, was selected to represent the level of lipid 

oxidation269. As shown in Figure 33, exposure to SPIONs induced increased ratios consistent with our 

previous findings159. And we found a dose- and exposure-duration- (sod-3 mutants) dependence increments. 

Another interesting discovery was that after 4 h exposure, the ratio was non-significantly different from that 

of worms after 24 h exposure upon either concentration indicating that the short-term exposure might be 

applied as the quick toxicity assay262.  
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On the other hand, for the sod-3 mutant, the increasing tendency of ratio followed a similar pattern 

(Figure 33). It suggested that long-time exposure and high concentrations of SPIONs could stimulate the 

lipid oxidation mostly. This discovery correlated with the wide-accepted opinion that exposure upon higher 

concentrations of NPs or longer exposure time could induce severer consequences in C. elegans57. 

3.8.2. Study of oxidative stress 

Kregel and Zhang stated that, ascribed to bis-allylic structures of polyunsaturated fatty acids273, lipids 

were strongly sensitive to ROS oxidation274. Based on this, we planned to study if raised lipid oxidation ratios 

were related to lipids’ sensitivities to oxidative stress. We made a cross-statistical analysis of wild-type 

worms and sod-3 mutant in control and 24 h exposure conditions. As showed in Figure 33, the highest lipid 

oxidation ratio of sod-3 mutant after exposure upon 500 µg/mL SPIONs for 24 h demonstrated that SPIONs-

induced lipid oxidation was associated with the lack of oxidative-stress defense, sod-3 deficiency.  

 

 

 

 

 

 

 

 

 

Figure 33 Box and whiskers plot of the lipid oxidation ratio (1745 cm-1 / 2921 cm-1) of all spectra, for control, 4 h and 24 
h exposure of wild-type and sod-3 mutant worms to 100 µg/mL and 500 µg/mL SPIONs. p < 0.0332 (*), p < 0.0021 (**), 
p < 0.0002 (***). 

 
Mn superoxide dismutase (MnSOD), located in the mitochondrial matrix275, expressed by sod-2 and sod-

3 was among many stress-defense enzymes in C. elegans276. Additionally, Mn-SOD is under the regulation 

of daf-2276, the insulin receptor in the insulin/insulin-like signaling pathway (IIS), which regulates various key 

biological processes76. After exposure, SPIONs could be taken up through cellular endocytosis159,277, and 

released iron ions triggered oxidative stress to cause the mitochondrial damage277, inducing the up-

regulation of sod-3 expression159. Furthermore, longer treatment time or exposure to the higher 

concentration of SPIONs would lead to more iron-induced oxidative stress leading to a higher level of lipid 

oxidation ratio (Figure 33). 

3.8.3. FPA mapping  

The Focal Plane Array (FPA) mapping images corresponding to sod-3 mutants treated with 500 µg/mL 

SPIONs for 24 h were shown in Figure 35, based on the statistical analysis result showed in Figure 33. In 
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Figure 35, the distribution of the lipid oxidation ratio (1745 cm-1 / 2921 cm-1) was shown. Dark blue color 

corresponded to the level of lipid oxidation measured in regions away from the worm, so the colors light 

blue, green, and red indicated a higher level of lipid oxidation than the control, in this order269. We found 

that within the whole worm, there were varying levels of lipid oxidation. Particularly, the green color in the 

head zone was indicative of the highest level of lipid oxidation. Meanwhile, we separately collected FTIR 

measurement points located in the head zone of worms in all 24 h treatment conditions and made a 

statistical analysis. We found that black dots shown in Figure 34 referring to SPIONs treatment conditions 

were within the upper part of the whole range above the mean value, especially for sod-3 mutants 

consistent with the FPA mapping image (Figure 35). It suggested that the head part was more severely 

affected by oxidative stress which might be related to impaired chemotaxis of malfunctioned ASE 

neurons251,278. 

To sum up, we proposed that long-term exposure and/ or exposure upon concentrated SPIONs resulted 

in elevated levels of lipid oxidation due to oxidative stress induced by the promoted release of iron ions. The 

head zone was relatively more heavily stressed where neurotoxicity potentially occurred. 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 34 Merged Box and whiskers plots of the lipid oxidation ratio (1745 cm-1 / 2921 cm-1) from the whole body and 
head zone of wild-type and sod-3 worms exposed to 100 µg/mL and 500 µg/mL SPIONs for 24 h. p < 0.0332 (*), p < 
0.0021 (**). 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 35 FTIR mapping of sod-3 mutants treated with 500 µg/mL SPIONs for 24 h with the lipid oxidation ratio (1745 
cm-1 / 2921 cm-1). Dark blue color corresponds to the level of lipid oxidation measured in regions away from the worm. 
Color scale bar: dark blue means low, red means high. 
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3.9. Chapter conclusions 

We studied the role of food availability in the acute or prolonged exposure upon citrate SPIONs up to 

500 µg/mL. Multiple sublethal toxicity endpoints were measured and several material scientific techniques 

were applied.  

In the acute exposure condition, with the presence of food, survival and reproduction were not affected 

even at the highest dose. The biodistribution study showed a higher percentage of worms with a more 

homogenous distribution of SPIONs within the intestine. Through SQUID, ICP-MS, and TEM, we found three 

times more uptake amount and a similar extent of size decrease of SPIONs. 

The utilization of Nile red and Oil red O staining methods determined that the intestinal integrity was 

maintained, and a tendency of lipid accumulation was found. We assumed that it’s induced by confirmed 

iron overload which promoted the overexpression of ftn-1159,207,211. In addition, with the presence of food, 

there was a relatively slower growth of lipid content which might be due to consumed food to provide 

defense energy or tissue repair against the oxidative stress159,246,252,262.  

In the locomotion behavior study, we found a dose-dependent decrease in body bending frequency in 

conditions with or without food. It could be related to a continuous Fe influx rendering mitochondrion 

susceptible to the oxidative stress triggered by free Fe ions249. Meanwhile, it might also correspond to the 

neurotoxicological effects of Fe87.  

A dose-correspond decrease in lifespan was discovered. And the presence of E. coli didn’t make any 

difference in the decreased tendency of lifespan. It correlated with the influence of ftn-1 on lifespan under 

the iron stress condition207,266. Moreover, ftn-1 is exclusively expressed in the intestine which is the principle 

tract under stress from most NPs studied207, reinforcing the hypothesis that shortened lifespan was due to 

the regulation of ftn-1. 

The SR-μFTIR study confirmed that elevated levels of lipid oxidation from longer exposure or higher dose 

of SPIONs performed was connected with sod-3, sensitivities to oxidative stress. Imaging the whole worm 

by FPA mapping, we found that in the head zone of worms, we found higher levels of lipid oxidation, and it 

was more stressed by oxidative stress which might explain for impaired chemotaxis towards NaCl under the 

control of ASE neurons251,278 regulated by ins-1278,279. 

On the other hand, after prolonged exposure, no detrimental effects were found on survival and 

reproduction. There was no structural deficit of the intestine and no increased lipid content detected. But 

we found a dose-dependent lifespan shortage and locomotive deficit. We assumed that the “trade-off” 

effect was involved246.  

To summarize, ftn-1, responsible for the lipid accumulation and shortened lifespan, is under the 

regulation of daf-16245,280, the downstream effector of daf-2. sod-3 correlated with increased levels of lipid 

oxidation, and defective locomotion behavior is under the control of daf-2276. Combined with the ins-1, we 

propose a signaling cascade of daf-2-sod-3-daf-16-ftn-1-ins-1 in response to SPIONs during acute exposure. 
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 In addition, with food availability, increased uptake of SPIONs was observed which suggested that food 

intake allowed an enhanced oral bioavailability of SPIONs in C. elegans281,282. It implied that the enhanced 

delivery capacity could be achieved in the oral administration of drugs, regarding SPIONs have been 

extensively studied as nanocarrier systems for drug delivery283. 
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Chapter 4 Evaluation of gold nanoparticles applying C. elegans. The influence 

of food availability  
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4.1 Introductions to the gold nanoparticles 

Gold nanoparticles (AuNPs) are frequently studied materials due to their outstanding properties 

including ease of synthesis, surface modification, stability, low toxicity, and biocompatibility284,285. Moreover, 

spherical AuNPs possess specific features such as size- and shape-related optoelectronic properties286,287 

and large surface-to-volume ratio, rendering them as a potent tool in biotechnology288,289. A broad range of 

surface functionalization and bioconjugations, together with great physical properties, make them 

promising for bioimaging applications290. Through modifications of their surface, we can produce highly 

sensitive and selective diagnostic agents288,290. Due to the great developments of synthetic techniques and 

their high loading of drugs and genes as well as the controllable release, AuNPs also show promise in 

therapeutics288,291. Also, AuNPs are proved to be outstanding drug carriers and photothermal therapy 

agents292, especially in cancer treatment293. 

As described earlier, multiple features of AuNPs such as biocompatibility, flexible functionality, a high 

loading capacity of drugs, and stability make them an interesting nanocarrier agent for drug delivery290. 

Additionally, ascribed to the ability to form stable complexes with DNA, small interfering RNA (siRNA) or 

drugs by covalent bonding293, AuNPs can easily penetrate and highly accumulate in the tumor site with drugs. 

Photothermal therapy (PTT) is a treatment method applied in cancer therapy with minimal invasiveness290, 

involving using electromagnetic radiation to generate heat for thermal ablation294 or optical hyperthermia295 

of cancer cells293. Attributed to their unique physicochemical properties, for instance, absorption and 

scattering of electromagnetic radiation, AuNPs have gained interest to be applied as agents in the PTT296. In 

addition, the efficacy could be further enhanced by extra advantages of AuNPs contain a wide spectrum of 

absorption light (from UV to near-infrared) and higher absorption efficiency demanding lower laser power 

and shorter irradiation time293,297. Particularly, the light within 700-900 nm called “biological transparency 

window” in the near-infrared (NIR) region can penetrate inside living tissues reaching a depth of a few 

centimeters298.  

It’s crucial to have a general understanding of the in vivo fate of AuNPs if they are to be applied as a 

therapeutic agent, especially as the drug delivery carriers and heat-generated agents destroying tumor 

tissues293,299. Therefore, it’s essential to perform toxicity assays with appropriate animal models based on 

varied research purposes. Among other parameters of AuNPs, including sizes, coatings, and electrical 

charges, the administration route of AuNPs has an impact on their pharmacokinetics, biodistributions, and 

toxicity profiles291,299. In general, mice are the most frequently used animal model for studying the fate and 

toxicity of AuNPs. Meanwhile, the intravenous (IV) administration is widely applied to let mice expose to 

AuNPs other than oral, intraperitoneal, and intratracheal administrations299,300. However, by intravenous 

injection, the excretion rate of AuNPs was lower compared with that of mice following oral administration 

which might result in serious medical complications301. There have been some work studying toxicity profiles 

of AuNPs orally administered to mice but with controversial findings302–304. Zhang et al. reported that, among 
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the three applied administration routes, 13.5 nm AuNPs exhibited the highest toxicity through the oral and 

intraperitoneal routes compared with tail vein injection304. In contrast, Pokharkar et al. demonstrated that, 

after acute oral administration of chitosan-coated AuNPs with an average size of 50 nm, there was no death 

and treatment-related complications discovered in female mice303. MR Jo et al. and J Cancino-Bernardi et al. 

also reported that fourteen-day repeated and 48 h oral administration of AuNPs caused no adverse effects 

on mice, respectively305,306. On the other hand, orally administered AuNPs have been investigated for the 

therapy of bacterial infections in the gastrointestinal (GI) tract in mice307–310. 

Regarding the fact that in vivo toxicity studies of AuNPs applying mice are time and cost consuming, we 

should find a simple and low-cost animal model311. In recent years, Caenorhabditis elegans (C. elegans) have 

received increased attention as the toxicity assay model to evaluate the toxicological profiles of different 

NPs57,59,76. Meanwhile, including the simplicity and cost-effectiveness of the cultivation, the cellular 

complexity and conserved biochemical mechanisms between C. elegans and mammals make it a useful 

model to study the cellular and molecular processes59,236. In addition, C. elegans offer an advantage to study 

the oral route of nanoparticles62. Together with assorted toxicity endpoints, C. elegans is the optimal model 

organism for rapid toxicity screening and studying the influence of food availability65. 

4.2 Aims 

The aims were to study the role of food availability in the interaction between AuNPs and C. elegans 

through measuring multiple sublethal endpoints such as survival, reproduction, lifespan, etc. and using 

varied types of material science techniques, for instance, synchrotron Fourier Transform Infrared (SR-μFTIR) 

and Raman spectroscopy.  

4.3 Toxicity analysis 

The interplay between NPs and C. elegans, measuring diverse lethal and sublethal endpoints, can be 

utilized to study the fate and toxicological profiles of NPs in a multicellular organism with different organ 

systems57,62, including the alimentary system, reproductive system, neuronal system, and immune 

system62,68. The most commonly applied exposure condition is oral exposure upon NPs for 24 h, defined as 

the acute exposure, in which nearly all types of endpoints can be used for toxicity evaluation of NPs57,61,76. 

Besides, the choice of an optimal endpoint depends on not only several factors such as sensitivity, accuracy, 

and maneuverability, etc237,238, but also types of toxicities including reprotoxicty and neurotoxicty57,63. 

Normally, to study AuNPs toxic effect on C. elegans, survival and brood size are commonly used to 

determine the fitness and reproduction success of C. elegans158,312. The shortened lifespan is connected 

with the response to the oxidative stress158 or certain gene expression127. Locomotion behavior study can 

indicate if there are neurotoxic effects induced by AuNPs62,89,127. 

Therefore, I studied the influence of food availability on C. elegans after acute exposure upon 10 nm 

AuNPs. 10 nm AuNPs were purchased from Applied Nanoparticles (Barcelona, Spain) (shown in Figure 36). 
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Synchronized young-adult staged worms exposed to AuNPs for 24 h with the addition of heat-killed E. coli117. 

After the exposure, multiple toxicity endpoints, namely: survival, reproduction, lifespan, intestinal integrity, 

lipid content, and locomotion behavior were studied (shown in Figure 37). 

Figure 36 Structural characterization of 10 nm AuNPs. (A) TEM image, (B) TEM size distribution, (C) UV-vis spectrum. 

Figure 37 Graphical representations to describe the acute exposure condition and studies toxicity endpoints. 

 

Survival 

Survival was determined by the same method explained in section 3.4.1. For studying the role of food 

availability of C. elegans 24 h exposure upon 10 nm AuNPs, the same concentration range was performed, 

0-500 µg/mL158. As shown in Figure 38, with the presence of food, the survival rate at 100 µg/mL was close 

to 100%, not significantly different from that of the control condition. When worms were exposed to higher 

concentrations of AuNPs, the survival decreased but higher than that of treatment conditions without E coli 

(75% VS 39%), suggesting the beneficial role of food. 

Figure 38 Effects of food availability on the survival exposed to increasing concentrations of AuNPs of C. elegans (n=3). 
Bars indicate the mean ± S.E.M. p < 0.0332 (*), p < 0.0021 (**), p < 0.0002 (***). 
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Reproduction 

To assess the influence of food presence on the reproduction, a concentration of 100 µg/mL was also 

chosen to compare with our previous work158. We found that the reproduction rate is not affected by AuNPs 

exposure when food is available, but it declined to 60% in the absence of food158 (Figure 39A). The lower 

reprotoxicity of AuNPs due to the presence of food may arise from the energy provided by ingesting food to 

defend oxidative stress158,252 or repair damaged reproductive integrity resulting in decrease reproduction 

rate117. It could also be that the presence of food forming a reversible “corona” around AuNPs reduced the 

interaction with intestinal cells313. 

 
Figure 39 Effects of food availability on reproduction (A) intestinal integrity (B) and lipid content (C) of C. elegans after 
acute exposure upon 100 µg/mL AuNPs (n=3). Bars indicate mean ± S.E.M. p < 0.0332 (*), p < 0.0021 (**), p < 0.0002 
(***). 

 

Intestinal integrity 

Intestinal integrity assay was performed to evaluate the structural status of the intestine through 

comparisons between control worms and treated worms210. From Figure 39B, we discovered that, despite 

food presence, there was no statistical difference of relative fluorescent intensity of worms indicating no 

structural deficit. Thus, exposure to AuNPs does not affect the intestinal integrity regardless of food 

existence. 

Lipid content  

Lipid content was evaluated by measuring the color intensity of exposed worms stained by Oil Red O213. 

We discovered an increased amount of lipid after exposure to AuNPs (Figure 39C). Food existence 

contributed relatively less to the lipid accumulation. It may be correlated with oxidative stress of causing a 

disruption in the pathway of utilizing lipid127. On the other hand, taking advantage of food presence, treated 

worms might allocate more energy investment in anti-oxidative denfense246, showing a relatively smaller 

increase than that of worms without food presence.  
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Locomotion behavior 

Locomotion behavior was determined by the body-bending frequency of treated worms. As shown in 

Figure 40A, there was a dose-dependent decrease regardless of food presence, suggesting that AuNPs could 

have detrimental influences on the locomotion ability. Previous work showed that the impeded locomotion 

behavior of worms after exposure to AuNPs might be related to swollen muscle bellies on the ventral side89 

or neurons’ growth of shorter axons127. 

Lifespan 

Lifespan was assessed by measuring the longevity of treated worms under controlled conditions with 

100 µM Fluorodeoxyuridine (FUdR) to stop progeny production and bagging206,247. After acute exposure, we 

found a dose-dependence decrease of lifespan independently of the presence of food in the exposure 

condition (Figure 40B and 40C), suggesting that exposure to AuNPs could lead to a decreased lifespan. 

Besides, the addition of food couldn’t protect C. elegans from detrimental effects of AuNPs on the lifespan. 

It correlated with others‘ findings that shortened lifespan of worms after exposure to AuNPs may be 

associated with loss of gene acdh-1 activity127 or inhibited functions of genes abu-11 and pqn-5185.  

Figure 40 Effects of food availability on body bending frequency (A) and life span (B, C) of C. elegans after acute exposure 
upon AuNPs (n=3). Groups with and without food availability were separately analyzed. Bars indicate mean ± S.E.M. p < 
0.0332 (*), p < 0.0021 (**), p < 0.0002 (***). Bands represented SD. 

 

To summarize, we treated C. elegans with 10 nm citrate-AuNPs for 24 h with or without food to study 

the effects of food availability on survival, reproduction, intestinal integrity, lipid content, lifespan, and 

locomotion. After exposure, we observed the maintained intestinal integrity and an increase of lipid storage 

indicating disrupted metabolic pathways. We also found a dose-dependent declined body bending 

frequency, implying the neurotoxicity induced by AuNPs treatment. On the other hand, with food availability, 

we also discerned a lipid accumulation and impeded locomotion behavior combined with the discovery of 

lower lethality and no decreased progeny, suggesting limited beneficial effects provided by food. All these 

results suggested that acute exposure to 10 nm AuNPs may cause the dysregulation of metabolic pathways89 

and neurotoxicity related to oxidative stress127. 
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4.4 Biodistribution of AuNPs 

In the same methodology as for SPIONs, we evaluate the biodistribution of AuNPs observed by light 

microscopy in worms (Figure 41). We found that, with food availability, there was a gradient of AuNPs with 

a higher frequency of them being observed in the posterior compartment of the intestinal cavity (Figure 42) 

which correlated with previous findings77. Additionally, exposure to more concentrated AuNPs could prompt 

relatively higher percentages of AuNPs confinement in the posterior region of worms which might be related 

to continuous uptake and ingestion of food facilitating the shifted distribution. 

 

 

 

 

 

 
 

Figure 41 Worms after acute exposure to 500 µg/mL 10 nm AuNPs with E. coli. Scale bar represents 100 µm. 

 

 

 

 

 

 

 

 

Figure 42 Biodistribution of 10 nm AuNPs in C. elegans after acute exposure to varying concentrations of AuNPs with 
E. coli (50 worms per sample). The upper simplified graph showed the division of the alimentary system: pharynx, 
anterior gut, central gut, and post gut. The lower color legend depicted the percentage of observed locations of AuNPs. 

 

4.5 Photothermal effect 

Raman spectroscopy combined with microscopy has been increasingly employed within biology. It can 

provide chemical and compositional information without much interference from water molecules314. 

Taking advantage of the small-size, the excitation and scattering light could easily penetrate the whole body 

compared with other animal models315. Moreover, its transparent structure allows us to detect distributions 

of nanoparticles and monitor laser-induced effects149,153,316. Furthermore, a higher magnification of the 

Raman microscope could even enable us to obtain histological information315,317.  

AuNPs have been intensively studied in recent years which are attributed to not only their facile synthesis, 

easy surface modification, and biocompatibility but also their unique surface plasmon resonance (SPR)318,319. 
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AuNPs could absorb light strongly typically in the visible light region and rapidly convert into heat offering 

photothermal applications320,321, especially at the forefront of the cancer research. 

Synchronized L3-staged wild-type worms were exposed to 150 nm AuNPs, purchased from the BBI 

solutions company, with 100 µg/mL for 24 h. This chosen exposure condition was based on our previous 

findings that worms’ survival and reproduction were not significantly affected77,158. 785 nm was selected as 

the laser wavelength since it showed no damage to biological tissues322. Multiple laser irradiation modes 

were conducted to investigate photothermal effects induced by AuNPs treatment. 

4.5.1 Feasibility of performing laser irradiation (Preliminary trial) 

Raman spectra of AuNPs and the glass substrate were obtained (Figure 43B) by a line-scan of the zone 

containing 150 nm AuNPs (Figure 43A). It showed that under the 785 nm laser irradiation, we could 

distinguish spectra attributed to AuNPs or the glass substrate, which might be useful for analysis of average 

Raman spectra obtained from complex biological samples, such as C. elegans. But we had to admit that the 

glass slide was not the appropriate choice as the substrate since it has a strong background fluorescence at 

most wavelength314. Considering that it’s a preliminary study, it’s acceptable to use glass slides for sample 

preparation.  

Figure 43 (A) A line-scan of 150 nm AuNPs on the glass slide. The red dot represented AuNPs, and the blue dot 
represented the glass. (B) Raman spectra of two locations showed in A. The colors of the spectra correspond to the 
colors of locations. (C) A white light image of C. elegans containing AuNPs. (D) Principle component analysis (PCA) was 
performed on the average spectra obtained from the large-scale-image-scan of the worm in C. 3 clusters were resolved 
and colored differently. 
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Then, we conducted a large-scale-image-scan of a worm treated with 150 nm AuNPs, showed in Figure 

43C. The principal component analysis (PCA) applied to the average Raman spectra resulted in three main 

principal components (PCs) showed in Figure 43D. We assumed that it’s related to varied contents of AuNPs 

within the worm323,324, and the PC1 spectrum might be assigned to high loadings of AuNPs. To prove our 

hypothesis, we conducted line-scan and Raman mapping on positions of high or low content of AuNPs 

determined by visualization under the scope of the microscope (Figure 44A). As showed in Figure 44B, the 

average spectra of high and low accumulation of AuNPs were different. Raman mapping images obtained 

by performing the Z-axis profile of the whole worm could provide the projection of Raman intensity of 

AuNPs inside worms. They can be utilized to make a preliminary comparison of AuNPs content in different 

locations within one worm such as the pharynx and the posterior gut of the intestine by images colored by 

intensities325. As shown in Figure 44C and 44D, it illustrated varied contents of AuNPs inside the worm. We 

assumed that the spectral shape could be used as a maker to qualitatively estimate AuNPs loadings inside 

worms. 

 

 

Figure 44 (A) Two positions of line-scan on the worm containing varied contents of AuNPs. (B) The average spectra of 
positions with high or low loadings of AuNPs. The colors of spectra corresponding to the colors were marked in 44A. (C) 
Raman mapping image of high loading of AuNPs with a Z-axis scan. (D) Raman mapping image of low loading of AuNPs 
with a Z-axis scan. The color scale bar illustrates the intensity of the band at 47 cm-1. 
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moved onto the center of the accumulated AuNPs, the brightest spot and highest temperature value 

appeared simultaneously (Figure 45). We successfully achieved a photothermal phenomenon of 150 nm 

AuNPs within C. elegans under the irradiation of the 785 nm laser. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 45 Snapshots of the video recording temperature variation during the line-scan irradiation. 

 
 

 

 

 

 

 

 
 
Figure 46 Snapshots of the video recording temperature variation during the pulsed irradiation on the fix-point with 
varied laser power. 

 

4.5.2 Effects of laser irradiation conditions 

Aiming to improve the photothermal efficiency, we performed a pulsed-laser on the same position of 

the worm containing 150 nm AuNPs with varied laser power (a range of 0-53.4 mW). Between each pulsed-

laser irradiation of different powers, there was an interval of 15 seconds for cooling. The infrared camera 

was set to monitor the surrounding temperature of the laser spot. From Figure 47C, we observed the highest 

Raman intensity value when it’s under the irradiation of 30 mW laser power. Meanwhile, the temperature 

fluctuated in the same pattern (Figure 46), reaching the highest point when a 30 mW laser was performed. 

Hence, we chose 30 mW as the efficient laser power for the following experiments.  

Additionally, after the irradiation process, there was a structural damage on position 1, called 

“photoablation”314 (Figure 47A). It was related to high sensitivity of samples, high laser power or prolonged 



61 
 

irradiation time which could burn samples once exposed314,326. It reminded us that these variables were 

important to design and perform decisive Raman experiments for studies on the influence of AuNPs on 

C. elegans315. 

Figure 47 (A) A white light image of worms containing AuNPs with colored icons representing the irradiation positions. 
(B) The Raman intensity spectrum with time shifts of position 1. The laser power applied in each time interval was 
showed above the spectrum. (C) The Raman spectrum of continuous irradiation on position 2. (D) The Raman spectrum 
of line-scan under the continuous irradiation on position 3. (E) The enlarged reflected microscopy image of position 1, 
2 and 3 after varied types of irradiation. Scale bar 10 µm. 
 

To test this hypothesis, firstly, we performed continuous irradiation with the laser of 30 mW on the fixed 

position (Figure 47B). At the beginning of the irradiation process, Raman intensity values increased and 

reached the maximum value rapidly due to accumulated AuNPs. Then it plunged and decreased gradually 
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in the remaining irradiation process (Figure 47D). This spectral profile indicated that the laser power was 

too high. We also found a burned hole on the laser spot of the worm (Figure 47A). These results suggested 

that our choice of laser power was higher than needed. On the other hand, from the captured video of the 

irradiation process from the infrared camera (Figure 48), a bright spot could be visualized with a 0.45 °C 

increase implying the occurrence of photothermal phenomena. 

Subsequently, a line-scan was performed across the worm to study the influence of irradiation time 

(Figure 47B). As shown in Figure 47E, intensity values increased when the laser moved close to accumulated 

AuNPs and declined when the laser moved away from AuNPs. Intensity values and temperature fluctuated 

in the same trend. Moreover, they reached the highest value when laser irradiated at the center of AuNPs 

inside C. elegans by the brightest spot showing up with a 1 °C increase of temperature (Figure 49). However, 

a photodamage was observed in the line-scan region (Figure 47A). These results demonstrated that we 

should reduce the irradiation time to maintain structural integrity 

Figure 48 Snapshots of the video recording temperature variation during the continuous irradiation on the fix-point with 
the laser power of 30 mW. 

Figure 49 Snapshots of the video recording temperature variation during the continuous irradiation of line-scan with 
the laser power of 30 mW. 

 
In summary, we successfully obtained the photothermal effects by employing Raman spectroscopy on 

C. elegans containing 150 nm AuNPs under the irradiation of the 785 nm laser. The choices of laser power, 

irradiation time, together with sample substrates, greatly impacted the resulting photothermal efficiency 

we expected326. On the other hand, C. elegans could be regarded as the testing platform permitting whole-

body photothermal therapy to obtain optimized parameters before performed in a higher level of animal 

models like mice to be cost-effective149. 

4.6 Qualitative analysis of oxidative stress 

We exposed synchronized L1-staged worms to 100 µg/mL 10nm or 150 nm AuNPs for 4 h as the short-

term exposure and 24 h as the acute exposure, respectively. We aimed to study sizes’ influences on the level 
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of lipid oxidation of N2 wild-type worms and VC433 (sod-3), a sod-3 deficiency mutant, in terms of oxidative 

stress. 

4.6.1 Study of exposure duration 

The same ratio (1745 cm-1 / 2921 cm-1) was selected to represent the level of lipid oxidation269. From 

Figure 50, exposure to 10 nm AuNPs for 24 h induced the highest ratio of lipid oxidation. On the other hand, 

for the sod-3 mutant, the increasing tendency of ratio followed a similar pattern indicating that long 

exposure-time and small particles (10 nm) could stimulate the lipid oxidation mostly. Furthermore, we found 

a size- and exposure-duration- dependent increments of the ratio (Figure 50).  

4.6.2 Study of oxidative stress 

Kregel and Zhang reported that lipids were highly sensitive to ROS oxidation274. Subsequently, aiming to 

investigate if high sensitivities to oxidative stress were partially involved in escalated lipid oxidation ratios, 

we conducted a cross-statistical analysis of wild-type worms and sod-3 mutant in control and 24 h exposure 

conditions. From Figure 50, we found that the highest lipid oxidation ratio corresponded to sod-3 mutant 

after 24 h exposure to 10 nm AuNPs suggesting that AuNPs-induced lipid oxidation was related to sod-3 

expression. It correlated with our previous findings that a greater extent of oxidative stress can be triggered 

after exposure to smaller sized AuNPs158. 

 

 

 

 

 

 

 
 
 
 
 
Figure 50 Box and whiskers plot of the lipid oxidation ratio (1745 cm-1 / 2921 cm-1) of all spectra, for control, 4 h and 24 
h exposure of wild-type (A) and sod-3 mutant (B) worms to 100 µg/mL of 10 nm and 150 nm AuNPs. p < 0.0332 (*), p < 
0.0021 (**), p < 0.0002 (***). 

 
By qPCR, we previously discovered that after acute exposure to 100 µg/mL of citrate-AuNPs could trigger 

the up-regulation of ftn-1, encoding the iron storage protein FTN-1, which mainly occurred in the intestine 

of worms living in harsh conditions, for instance, exposure to metal nanomaterials or O2 starvation327,328. 

Moreover, this up-regulation would provide protective effects against oxidative injury327. It explained why 

0.0

0.1

0.2

0.3

Conditions

L
ip

id
 o

x
id

a
ti

o
n

(A
1

7
4

5
.2

6
2

 c
m

-1
/ 
A

2
9

2
1

.6
2

7
 c

m
-1

)

Control 4h 4h

N2

sod-3

10 nm AuNPs

150 nm AUNPs

24h 24h

*
***

***
*



64 
 

we detected a higher level of oxidative stress of escalated ratios of lipid oxidation and up-regulation of ftn-

1 of worms after exposure to AuNPs. 

4.6.3 Focal Plane Array mapping 

The Focal Plane Array (FPA) mapping images of sod-3 mutants in control conditions, treated with 100 

µg/mL of 10 nm AuNPs for 4h and 24 h, were shown with the distribution of the lipid oxidation ratio (1745 

cm-1 / 2921 cm-1), in Figure 51. Dark blue color corresponded to the level of lipid oxidation measured in 

regions away from the worm, so the colors light blue, green, and red indicated a higher level of lipid 

oxidation than the control, in this order269. We found that there was a relatively uniform increase in lipid 

oxidation within the whole worm. Additionally, for sod-3 mutants, longer exposure triggered a higher level 

of lipid oxidation, which was in agreement with lipid oxidation ratios results shown in Figure 50.  

To summarize, we proposed that long-term exposure to 10 nm AuNPs generated elevated levels of lipid 

oxidation due to oxidative stress might be due to smaller sizes with larger reactive surface areas. 

Figure 51 FTIR mapping of sod-3 mutants in the control condition (A) and treated with 100 µg/mL of 10 nm AuNPs for 
4 h (B) and 24 h (C) with the lipid oxidation ratio (1745 cm-1 / 2921 cm-1). Dark blue color corresponds to the level of 
lipid oxidation measured in regions away from the worm. Color scale bar: dark blue means low, red means high. 
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4.7 Chapter conclusions 

We exposed C. elegans to 10 nm citrate-coated AuNPs with the presence of food. To study the role of 

food availability, we measured multiple sublethal toxicity endpoints and applied several material scientific 

techniques. 

After 24 h exposure, with the addition of food, no mortality and reprotoxicity were found at the chosen 

working concentration (100 µg/mL) which were heavily affected in the absence of food condition. The 

intestinal integrity was maintained after the treatment, and accumulated lipid storage correlated with a 

disrupted pathway of utilizing lipid induced by oxidative stress89. Additionally, a dose-dependent decrease 

of body bending frequency indicating locomotive deficits regardless of food presence was discovered. It 

might be due to swollen muscle bellies on the ventral side89 or neurons’ growth of shorter axons127. And the 

decreased lifespan could be linked to inhibited functions of certain genes (acdh-1, abu-11 and pqn-5)127,185. 

In the biodistribution study, we found a distribution gradient of AuNPs, with a higher percentage in the 

posterior compartment of the intestinal cavity correlated with previous findings77. 

We irradiated C. elegans containing 150 nm AuNPs with 785 nm laser and observed photothermal 

phenomenon. To avoid causing “photoablation”, experimental settings such as laser intensity, irradiation 

time need to be optimized. Taking advantage of the transparency and simplicity of C. elegans, it could pave 

a new avenue within “photothermal therapy” research. 

Through the SR-µFTIR study, we confirmed that elevated levels of lipid oxidation were related to long 

exposure time, small size of AuNPs, and sensitivities to oxidative stress. Previous reports of cell culture 

showed that the increased ferritin levels triggered a greater extent of lipid oxidation329, indicating that the 

increase of lipid oxidation was also possible due to the over transcription of ftn-1 confirmed by previous 

discoveries159. It suggested that ftn-1, responsible for iron homeostasis regulation, sod-3, defense against 

oxidative stress, were both involved in the process of a raised level of lipid oxidation after exposure to AuNPs, 

displaying the complex regulatory mechanism of AuNPs toxicity in C. elegans88.  
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Chapter 5 Evaluation of Lutein’s antioxidative effects and MOFs toxicity in 

C. elegans  
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5.1. Collaboration work in C. elegans research 

During the last decades, it’s increasingly common to make toxicity assessments of diverse materials using 

different model animals; and C. elegans is one of the applied models57. It has multiple advantages such as 

cost-effectiveness, small size, transparency, short lifespan, prolific lifecycle, genetic manipulability, etc59,62,68. 

It can provide us toxicity data from a complete animal model containing alimentary, reproductive, 

neuromuscular systems63,68. Furthermore, combined with collaborative work of employing other advanced 

techniques, a deeper understanding of tested materials’ fates and their toxicity mechanisms inside 

C. elegans can be attained59,62,159. In this chapter, I will describe two collaborative projects I participated 

about investigating lutein’s antioxidative behaviors in newly established C. elegans disease models applying 

synchrotron Fourier transform infrared (SR-µFTIR) microspectroscopy and studying the chitosan coating’s 

influence on the C. elegans’ uptake efficiency of metal-organic frameworks (MOFs) using high performance 

liquid chromatography (HPLC). 

5.2. The assessment of lutein in C. elegans 

Neurodegenerative diseases are a heterogeneous type of chronic illnesses including Huntington’s 

disease(HD), Parkinson’s disease (PD), Alzheimer’s disease (AD), etc330. Researchers have proposed several 

molecular mechanisms that are involved in the pathogenesis of these diseases331. And mitochondrial 

dysfunction has been considered as the potential candidate connecting these disorders330. Mitochondria 

play a crucial role in energy production in cells332. The generation of ATP, cellular energy, is catalyzed by the 

oxidative phosphorylation (OXPHOS) system, which contains five complexes333. The mitochondrial complex 

I (CI), the first complex deficiency, is the most common cause of neurodegenerative diseases221,333, including 

Leigh disease (LD)332 and PD331. The defects of CI activities are associated with increased production of 

reactive oxygen species (ROS)332, decreased respiration, and lipid oxidation which could be improved by the 

administration of antioxidants330. 

Unfortunately, because of the complexity and variety of these diseases, an appropriate treatment 

strategy for some specific disease is difficult to be developed. Therefore, there is a high demand for 

conducting preliminary trials in a suitable model organism221,332. It has been reported that around 42% of 

human disease genes have homologs in C. elegans, whose genome was completely sequenced63,334. 

Together with no ethical constraints, it could be a promising tool for studying underlying molecular pathways 

in some human neurodegenerative diseases62,334 and therapeutic efficacy of new drug335.  

Lutein, one of the xanthophylls carotenoids (shown in Figure 52), highly accumulates in the macula of 

the retina336,337 and protects the retina from photo-oxidative damage through scavenging ROS and filtering 

blue light338,339. But human cannot synthase lutein de novo and need to orally intake it from the diet336,340. 

Therefore, lutein has been commonly used as food additive336 and diet supplement for age-related macular 

degeneration (AMD)338,341 due to its anti-oxidative and anti-inflammatory properties339,342. 
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Figure 52 The chemical structure of lutein, adapted from Koushan K et al343. 

 

 

 

 

 

 

 

 

 
 

Figure 53 The spectrum showed biomolecular peak assignments from 3000–800 cm-1. Adapted from Baker et al344. 

 
Fourier transform infrared (FTIR) spectroscopy is a non-destructive technique offering possibilities of 

analyzing biochemical properties in different biological samples272,345 like C. elegans60. FTIR spectra are 

representative of organic components in biological samples (shown in Figure 53). Thus, they can be applied 

as molecular signatures, for instance, lipid oxidation and protein conformation272, of samples in various 

status346,347. Another advantage is that no need of staining, homogenization and further manipulations is 

required before analysis272,346. In addition, synchrotron radiation light based FTIR could achieve much-

improved signal to noise ratio, better spatial resolution and much less acquisition time compared with that 

with conventional light268. Furthermore, the synchrotron FTIR technique has been performed to study 

neurodegenerative diseases such as AD348, PD349 and HD350. 

5.2.1. Aims 

In this part, we conducted research about lutein’s anti-oxidative behaviors in C. elegans with complex I 

deficiency (nuo-5 and lpd-5) by comparing the level of lipid oxidation and amide oxidation through 

synchrotron FTIR technique269,271. Lipid oxidation, amide oxidation and lutein ratio were determined by 

calculating ratios for each spectrum221,351, Vs(C=O) 1745 cm-1 /Vas (CH2) 2921 cm-1 , Vas (C=O) 1745 cm-1/ 

Vs(Amide) 1654 cm-1, and V(Lutein) 1515 cm-1/ Vas (CH2) 2921 cm-1. 

5.2.2. Lutein’s antioxidative behaviors 

Freshly obtained eggs of wild-type N2, nuo-5, and lpd-5 strains were put on the agar plates seeded with 
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E. coli (with or without lutein). Worms were collected at L3 stage (at 20°C). Sample preparation and spectral 

optimization are detailed in Chapter 2.6. As shown in Figure 54, we found reduced lipid and amide oxidation 

in nuo-5 and lpd-5 strains compared with that of control worms, indicating less oxidative damage. These 

results suggested that in these worms, they up-regulated their defense responses against oxidative stress.  

Then, we studied if the uptake of lutein could contribute to protecting worms from oxidative stress. 

Firstly, by the lutein absorbance peak351 of 1515.8 cm-1, we detected the existence of lutein in worms, 

confirming that they uptake the drug (Figure 55C). Secondly, we compared the level of lipid oxidation or 

amide oxidation among N2, nuo-5, and lpd-5 worms. There was no significant difference identified between 

with and without lutein in any type of worm (Figure 55A and 55B), suggesting that lutein failed to provide a 

protective response against oxidative stress. We assumed that ROS-triggered stress might be a minor part 

involved in the disease-related defects221. 

Figure 54 Bar plot of the lipid oxidation (1745 cm-1/2921 cm-1) and amide oxidation (1745 cm-1/1654 cm-1) of all spectra 
for control, nuo-5, and lpd-5. N=3, n=15-20. p < 0.0332 (*), p < 0.0021 (**), p < 0.0002 (***), and p < 0.0001 (****)  

Figure 55 Bar plot of lipid oxidation (1745 cm-1/2921 cm-1), amide oxidation (1745 cm-1/1654 cm-1), and lutein 
absorbance (1515 cm-1/2921 cm-1) of all spectra for control, nuo-5, and lpd-5. N=3, n=15-20. p < 0.0332 (*), p < 0.0021 
(**), p < 0.0002 (***), and p < 0.0001 (****) versus respective control conditions. 

 

5.2.3. Conclusions and future work 

To summarize, by SR-µFTIR method, we successfully detected the uptake of lutein. Moreover, through 

the statistical analysis of lipid oxidation and amide oxidation ratios in N2 and complex I deficiency (nuo-5 
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and lpd-5) worms, we obtained a deeper understanding of cellular defense against oxidative stress, 

indicating the great potential of applying C. elegans as the animal model for studying the molecular 

mechanism of neurodegenerative diseases. Moreover, we could investigate the potential therapeutic 

efficacy of medicine in established C. elegans models of human disease. 
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5.3. The assessment of MOFs in C. elegans 

MOFs are composed of inorganic subunits (clusters, chains, or layers of transition metals, etc.) and 

organic polydentate ligands, with wide potentials in catalysis, gas storage and biomedical applications352–354. 

Particularly, multiple strengths of MOFs including tunable porosity, adaptable structure, availability of 

functionalization, biodegradability make them promising bioplatforms in biomedical applications352,354. The 

frequently used metal ions in MOFs are iron, copper, zinc, cadmium, nickel, etc. Among them, iron-based 

MOFs are widely studied about their in vitro and in vivo toxicities owing to their lowest possibilities of 

inducing toxic effects on humans353–355. Moreover, degraded components of iron-based MOFs within the 

human body, iron and organic linker could also be directly removed via urine and feces356,357. In addition, 

coated with chitosan (CS), which a natural polymer with properties of biodegradability, biocompatibility, 

and non-toxicity358, the colloidal stability in complex media and cellular uptake were greatly improved359. 

Compared with extensive studies of MOFs’ in vitro toxicities, there are quite a few in vivo toxicity 

researches355. Roja S et al. reported that MIL-127 (iron-based MOFs) (shown in Figure 56) was orally safe 

even at the high dose (1g/kg) in mice360. Considering the high cost and long term of performing in vivo 

toxicity assays in mice, we need to find an alternative model animal that is simple and cost-effective but 

with similar level cellular complexity, C. elegans236. C. elegans have various advantages such as small size, 

short lifespan, transparency, etc57. More importantly, the intestine of C. elegans is a weakly acid 

microenvironment of pH around 4.471 containing digestive enzymes to fully break up food particles72. These 

conserved alimentary features which are comparable to those of humans68,70 make C. elegans a good oral 

administration model68 for studying MOFs’ in vivo toxicities. 

 

 

 

 

 
 
 
 

Figure 56 The structure of MIL-127 (Fe), adapted from Roja S et al360. 

 

5.3.1. Aims 

In this part, we performed an acute exposure of C. elegans upon MIL-127 and CS-MIL-127 in the low-

ionic-strength simulated intestinal fluid (Lis-SIF) media. By measuring survival, we obtained preliminary 

toxicity of MIL-127 and CS-MIL-127. The CS coating’s influence on the C. elegans’ uptake efficiency of MOFs 

was studied by using HPLC. 
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5.3.2. The effect of chitosan coating  

Survival 

Survival was determined by counting worms defined as alive if they responded to the gentle touch by a 

worm-picker76. We found that, after 24 h, there was no mortality even at the highest concentration (1000 

μg/mL) of MIL127 or CS-MIL-127 (Figure 57A), suggesting that CS coating didn’t interfere with MIL-127 

toxicity. The MOFs uptake could also be clearly seen under the microscope (Figure 57B and 57C). 

Uptake and excretion efficiency 

In addition, combined with our collaborators’ experiences of quantifying MOFs inside biological samples 

by the HPLC method357, we continued our research about how much MOFs was uptaken by C. elegans during 

the acute exposure and the role of CS coating in the uptake efficiency. Due to the measurement limitations 

of HPLC, around 2000 worms were treated with 1000 μg/mL of MIL-127 or CS-MIL-127 in the 24-well-plate 

for 24 h. After exposure, treated worms, aggregated MOFs settled at the bottom of the well, and the 

supernatant were separated from the mixture for HPLC measurement. Three replicates were independently 

performed for statistical purposes. We found that there was 0.07±0.04 μg MIL-127 and 0.04±0.01 μg CS-

MIL-127 per worm, given that the average weight of adult worm is 4 μg361. It implied that CS coating didn’t 

facilitate the uptake efficiency of MIL-127. Furthermore, we wondered if there was a potential influence of 

CS coating on the ability of exposed worms excreting uptake MOFs with the addition of E. coli. 2000 treated 

worms were cultured with E. coli in the same exposure condition for another 24 h which was taken as the 

excretion assay. The three aforementioned components in the mixture were separated. Determined by HPLC, 

there was 0.03±0.01 μg MIL-127 and 0.03±0.01 μg CS-MIL-127 per worm. Compared with the previous 

uptake amount of MIL-127 and CS-MIL-127, it suggested that CS coating decreased the excretion speed in  

Figure 57 Effects of CS coating on the Survival (A) of C. elegans (n=3) exposed to increasing concentrations of MIL-127 
and CS-MIL-127. Bars indicate the mean ± S.E.M. (B) The worm after acute exposure to 500 μg/mL of MIL-127, (C) The 
worm after acute exposure to 500 μg/mL of CS-MIL-127. The scale bar represents 100 μm. 

 

5.3.3. Conclusions and future work 

In summary, we found that exposure to high concentrations of MIL-127 and CS-MIL-127 didn’t induce 

lethality to worms. Although CS coating couldn’t promote uptake efficiency, it extended the maintenance 
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time of MIL-127 inside worms by reducing the excretion rate. Additionally, we will conduct more types of 

toxicity assessments to obtain a general knowledge of potential toxicities of MIL-127 and CS-MIL-127. 
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Chapter 6 Conclusions 
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6.1. Conclusions 

1. We had performed the acute exposure (24 h) and prolonged exposure (72 h) of C. elegans to citrate-

coated SPIONs to obtain a general understanding of their nano-bio interactions by measuring various 

toxicity endpoints such as lipid storage, lifespan, locomotion, etc. Moreover, we also studied the 

influence of food availability on SPIONs-induced toxicities in the acute exposure system.  

a- We found that acute exposure to SPIONs could induce lipid accumulation, locomotive deficits, 

shortened lifespan, and impaired chemotaxis towards NaCl but with the maintained intestinal integrity. 

With the addition of food, there was a positive influence of food in causing no mortality and mitigating 

detrimental effects on lipid accumulation and chemotaxis. However, accumulated lipid content, 

damaged locomotion behaviors, and decreased lifespan could still be observed. There was also a more 

homogeneous biodistribution of SPIONs in the whole intestinal lumen. Additionally, combined with 

the application of SQUID and ICP-MS measurements, we discovered that food presence could improve 

the uptake efficiency of SPIONs. However, there was a similar level of iron ion release from SPIONs 

inside C. elegans proved by TEM and ZFC-FC magnetometry measurements compared with that of 

worms in the acute exposure condition without food existence. The free iron ions might be responsible 

for several sublethal toxicities detected on worms.  

b- With the utilization of SR-µFTIR, we discerned a dose- and exposure-time- related increase of lipid 

oxidation in C. elegans, related to worms’ responses against oxidative stress triggered by SPIONs. 

Furthermore, a relatively higher level of lipid oxidation in the head zone was detected, especially in 

the FPA mapping image of sod-3 deficiency mutant treated with 500 µg/mL SPIONs for 24 h. It might 

be associated with neurotoxic symptoms. 

c- After prolonged exposure to SPIONs, L1 larvae could develop normally even at the highest 

concentration of 500 µg/mL. Although there were no harmful effects on reproduction, lipid content, 

and intestinal integrity, we still found a dose-dependence decreased lifespan and damaged locomotion 

behaviors.  

2. We had conducted the acute exposure of C. elegans to citrate-coated 10 nm AuNPs with the addition 

of food to study the influence of food availability on AuNPs-induced toxicities by measuring various 

toxicity endpoints such as lipid storage, lifespan, locomotion, etc. We also investigated the potential of 

applying C. elegans as the model organism for photothermal therapy. 

a. At the chosen concentration of 100 µg/mL, with the presence of food, there was a positive influence 

on the survival and reproduction of C. elegans, but not on the intestinal integrity and lipid 

accumulation. In addition, exposure to higher concentrations of AuNPs (up to 500 µg/mL), we detected 

locomotive deficits and decreased lifespan in both treatment conditions with and without food 

presence, indicating limited protective effects provided by food availability. In the biodistribution assay, 

with food availability, we discerned a higher frequency of AuNPs located in the posterior compartment 
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of the intestinal lumen, especially exposed to concentrated AuNPs. 

b. By using Raman spectroscopy, we successfully discovered the photothermal phenomenon in C. elegans 

containing 150 nm AuNPs under the irradiation of the 785 nm laser. However, after the irradiation 

process, we also found photo-ablated damages on worms, indicating that we need to optimize the 

experimental settings such as the laser power and irradiation duration. 

c. Through the SR-µFTIR measurement of worms treated with 10 nm or 150 nm AuNPs for 4 or 24 h, we 

detected a size- and exposure-duration- dependent increase of lipid oxidation ratio. The highest level 

of lipid oxidation ratio was found in the sod-3 deficiency mutant exposed to 10 nm AuNPs for 24 h, 

consistent with FPA mapping results, indicating that oxidative stress was involved in the toxicity 

mechanism of AuNPs. 

3. We broadened the application range of SR-µFTIR in studying lutein’s anti-oxidative behaviors in 

C. elegans disease models (nuo-5 and lpd-5) with mitochondrial dysfunction. Firstly, we confirmed 

worms’ uptake of lutein by a higher lutein ratio of worms with lutein treatment compared with that of 

worms in the control condition. Secondly, through analyzing ratios of lipid oxidation and amide 

oxidation in disease models, together with our collaborators’ other findings, we proposed that lutein 

behaved an anti-oxidant in ameliorating developmental, neuronal, and cellular dysfunction through 

indirect influences on the downstream processes rather than direct influences on the mitochondria221. 

4. C. elegans was employed as an oral administration model in investigating MOFs’ (MIL-127 and 

chitosan-coated MIL-127) in vivo toxicities. Meanwhile, chitosan’s effect on C. elegans’ uptake and 

excretion efficiency of MOFs was also studied using HPLC measurement. In the survival assay, both 

types of MOFs were not toxic to wild-type worms even at 1000 µg/mL. Chitosan restrained the uptake 

but contributed to maintaining uptaken CS-MIL-127 inside worms by decreasing the excreting rate. 

6.2 Future work  

6.2.1. Exposure routes 

The appropriate exposure route is one of the crucial factors in toxicity assessments of NPs76. Previously, 

we intensively investigated SPIONs/AuNPs-induced toxicities in the acute exposure condition with or 

without food availability. We could study their environmental toxicities at an environment-relevant 

concentration through chronic exposure (> 72 h). Moreover, multigenerational exposure assays could also 

be performed to learn if there is transgenerational toxicity regarding their potential applications such as 

imaging agents and drug delivery7,84. 

6.2.2. Assayed materials  

Based on our preliminary findings of MOFs’ in vivo toxicities in C. elegans, we could investigate further 

by performing various toxicity assays such as reproduction, lifespan, and locomotion behaviors to obtain a 
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general understanding of MOFs-induced toxic effects. It will facilitate MOFs optimization for decreased 

toxicity and their green synthesis362.  

6.2.3. Advanced techniques 

In this dissertation, we proposed several genes that might be involved in the toxicity mechanism of 

SPIONs/AuNPs. To validate it, we could study further in a toxicogenomic method by utilizing quantitative 

reverse transcription polymerase chain reaction (qRT-PCR), RNA interference (RNAi), or mutant assays. 

6.3 Prospects and challenges  

C. elegans, as an in vivo animal model, has been successfully utilized to evaluate NPs’ toxicities57, at the 

environmental level76 and the preclinical level363. Various advanced material science techniques are also 

employed to acquire a deeper understanding of nano-bio interactions59. To further the nanotoxicity study 

in C. elegans, genetic investigations including possible cellular uptake pathways and molecular mechanisms 

of NPs should be performed77. The mutants from the Caenorhabditis Genetics Center and the C. elegans 

community could offer opportunities to precisely locate affected genes due to NPs treatment. 

Regardless of multiple advantages provided by C. elegans applied in the ecotoxicity or as an oral 

administration model, several drawbacks still exist, especially compared with rodents which are the most 

generally used animal model for nanotoxicity studies57,76. Meanwhile, good C. elegans practice and 

standardized toxicity tests are also essential to ensure the reliability and reproducibility of obtained 

toxicological results68,121,122.  

To summarize, we advocate that C. elegans can continuously fill in the knowledge gap between in vitro 

and in vivo nanotoxicity research. Moreover, combined with cross-disciplinary techniques, it could provide 

us valuable information for a better understanding of nano-bio interactions. 
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