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Summary Statement 34 

C. elegans with internalized paramagnetic nanoparticles are placed inside magnetic field to 35 

explore effects on locomotion. Results support the potential of C. elegans to investigate the impact 36 

of the above environmental factors on behavior.  37 

 38 

 39 

Abstract  40 

C. elegans nematodes are a model organism used broadly to investigate the impact of 41 

environmental factors on physiology and behavior. Here, C. elegans with internalized 42 

paramagnetic nanoparticles were placed inside magnetic field to explore effects on locomotion. 43 

We hypothesize that internalized paramagnetic nanoparticles combined with external magnetic 44 

field affect C. elegans’ locomotion machinery. To test our hypothesis, we used young adult C. 45 

elegans fed on bacteria mixed with paramagnetic nanoparticles of 1 μm, 100 nm and 40 nm 46 

diameter. The presence of nanoparticles inside the worms' body (alimentary canal, body muscle) 47 

was verified by fluorescent and electron microscopy. A custom-made software was used to track 48 

freely moving C. elegans in the absence or presence of magnetic field sequentially for 200+200 49 

sec. We used established metrics to quantify locomotion-related parameters, including posture, 50 

motion and path features. Key features of C. elegans locomotion (increased body bends and stay 51 

ratio, decreased range, forward movement, and speed along the magnetic field) were affected in 52 

worms with internalized nanoparticles of 100 nm and 1 μm in the presence of magnetic field, in 53 

contrast to untreated worms. Our work contributes on clarifying the effect of internalized 54 

paramagnetic nanoparticles, combined with magnetic field, on C. elegans locomotion.   55 

 56 

 57 

 58 

 59 

Introduction 60 

The effects of magnetic field (MF) on living organisms have been a target of numerous 61 

research efforts, with their number increasing significantly during the last decades (Ghodbane et 62 

al., 2013; Hong, 1995; Shaw et al., 2015). In addition to the interest scientific community shows 63 

on the effect of alternating MF on cells (Ueno et al., 1986; Öcal, 2008; Belova and Acosta-Avalos, 64 

2015), static MF effects have gained attention also (Miyakoshi, 2005; Teodori et al., 2002) mainly 65 

due to their correlation with activity linked to the modern way of living (Lewczuk, 2014). The type 66 

of MF least studied in regard to cells is high-gradient MF. Recent work provides the theoretical 67 
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framework for the possible impact of high-gradient MF of various sources on cells' molecular 68 

components and function (Zablotskii et al., 2016).  69 

Model organisms have been a successful resource to study MF effects on various types 70 

of cells and tissues (Osipova et al., 2016; Shcherbakov et al.; Malkemper et al., 2015; Kumari et 71 

al., 2017). Invertebrate models, like Drosophila melanogaster, have been used since the 80's 72 

(Fedele et al., 2014; Naito et al., 2012; Ramirez et al., 1983; Kale and Baum, 1980; Bae et al., 73 

2016; Giachello et al., 2016). Interestingly, even though the nematode C. elegans has been an 74 

emblematic model organism to study the impact of a plethora of stimuli and environmental factors 75 

on behavior and physiology (Cheung et al., 2005; De Bono and Bargmann, 1998; Liedtke et al., 76 

2003; Hedgecock and Russell, 1975; Ward et al., 2008), only recently it has been used in MF 77 

related work (Vidal-Gadea, 2015; Njus, 2015; Long et al., 2015; Wang et al., 2015; Lee et al., 78 

2010), in which the first animal magnetosensory neurons were identified (Vidal-Gadea, 2015). 79 

The presence of biogenic magnetite has also been reported in C. elegans (Cranfield et al., 2004).  80 

Nanoparticles uptake by C. elegans worms has been a successful means to evaluate 81 

toxicity of heavy metals and pollutants (Khare et al., 2011; Meyer et al., 2010; Kim et al., 2017), 82 

and the importance of C. elegans as a model system for in vivo nanoparticle assessment has 83 

been specifically highlighted (Gonzalez-Moragas et al., 2015a). Worms' behavior (Ma et al., 2009) 84 

and locomotion (Li et al., 2012; Wu et al., 2012) have been evaluated under the influence of 85 

internalized metal nanoparticles. In addition, magnetized nanoparticles have been used to 86 

activate ion channels in C. elegans through heating (Huang et al., 2010). However, only very 87 

recently internalized nanoparticles were used to locally enhance MF in the worms' body and study 88 

the subsequent impact on its metabolism (Wang et al., 2017).  89 

C. elegans locomotion has been a major behavioral output used to investigate the impact 90 

of genetic background, environmental factors and diverse treatments on the worm's nervous 91 

system (Gourgou, 2016; Li et al., 2016; Liu, 2013; Hsu et al., 2009; Parida et al., 2014; Pierce-92 

Shimomura et al., 2008). Locomotion features have been characterized and quantified extensively 93 

and are being used as an indicator of C. elegans physiological status and healthspan (Bansal et 94 

al., 2015; Shtonda and Avery, 2006; Peliti et al., 2013; Hahm et al., 2015). Therefore, locomotion 95 

is one of the first behaviors investigated to define whether C. elegans nematodes are sensitive to 96 

an environmental factor of interest.  97 

The abovementioned scientific premises, the remaining need to clarify MF effects on 98 

animal physiology, and the increasing interest in the sensitivity of C. elegans to MF, indicate that 99 

the investigation of MF gradient effects on worms’ behavior comes at a mature point. We 100 

hypothesize that internalized paramagnetic nanoparticles combined with external magnetic field 101 
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affect C. elegans’ locomotive behavior. To test our hypothesis, we used internalized paramagnetic 102 

nanoparticles that can generate an effect inside the worms' body, in the closest possible proximity 103 

with tissues and cells. We used locomotion as a quantifiable and revealing behavioral expression 104 

to determine the effect of MF combined with the internalized nanoparticles. Our results 105 

demonstrate a response of C. elegans locomotion machinery to internalized paramagnetic 106 

nanoparticles in combination with MF gradients, and they pave the way for future studies seeking 107 

to clarify the participation of excitable cells, muscles and potentially even neurons, to this still 108 

uncharacterized behavior.  109 

 110 

 111 

Results  112 

Magnetic field gradient characterization  113 

The simulation results for both electromagnets agreed with the experimental results 114 

provided by the manufacturer (Fig. S1). An overview of the MF around the electromagnets and 115 

the geometry of the model in COMSOL are presented in Figure 2A and a clear view of the MF on 116 

the plane of the worm plate surface is presented in Figure 2B. The arrows demonstrate the 117 

direction of the MF between the two electromagnets. The contours show that the MF is stronger 118 

near the electromagnets, as expected.  119 

We focused on the features of the MF and the forces generated on the plate surface, 120 

where the worms’ locomotion takes place. The MF was almost one-dimensional on the plate 121 

surface and was stronger nearer the electromagnets (Fig. 2C). There were 9 components for the 122 

gradient of the MF. In Figure 2D, the strongest component of the MF gradient is shown (Bxx), 123 

which is parallel to x axis. The magnitude of the gradient was larger near the electromagnets.  124 

The nanoparticles create secondary MFs in the presence of an external MF. Details on 125 

calculating the forces that were created by the particles used in the present study can be found 126 

in the Supplementary Information section. The magnitude of the MF flux was calculated in 127 

MATLAB using Eqs. [2] and [3] of Supplementary Information for configurations along the x and 128 

y axes of three nanoparticles (as shown in Fig. 3A-3D). The MF was stronger close to the particles 129 

for both configurations and decayed rapidly as the distance from the particles increased (Fig. 3E). 130 

The force between the particles in the x direction was attractive, while the force between the 131 

particles in the y direction was repulsive. The attractive forces between the particles allow them 132 

to form chain-like structures, if they are not interrupted by the medium in which the particles are 133 

located (Mirzakhalili et al., 2017; Nakata et al., 2008). The magnetic moment of the external MF 134 

for the particles on the worm plate surface is depicted in Figure 3F.  135 
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 136 

Confirmation of nanoparticles uptake and particle localization in C. elegans’ body 137 

Nanoparticles mixed with bacterial food were successfully internalized, as verified by 138 

microscopy methods, selected according to the properties of each particle group (Fig. 4). The 139 

presence of 1 μm paramagnetic particles (Table 1) in the worm's intestine and in the pharynx 140 

around the grinder area was verified by bright field microscopy. The particles appear as dark 141 

(copper-colored) objects accumulated in the alimentary canal (Fig. 4A, right panel), whereas 142 

control animals' intestine area appears transparent (Fig. 4A, left panel). Uptake of 100 nm 143 

fluorescent, paramagnetic particles (Table 1) was verified by fluorescent microscopy. The 144 

particles appear to accumulate along the intestine lumen and in the pharynx, as shown when 145 

filters for rhodamine, the fluorescent substance with which the particles were coated (see Table 146 

1 for particles properties), were used (Fig. 4B). Successful feeding on 40 nm paramagnetic 147 

particles (Table 1) was confirmed by scanning electron microscopy. As shown in Figure 4C, when 148 

using the circular backscatter (CBS) detector, 40 nm particles were visualized as white dots under 149 

the worm cuticle, in the broad area downstream of the pharynx and along the alimentary canal. 150 

The deformation of the sample due to the process followed allowed for obtaining only the 151 

approximate location of the particles. The white dots which represent the particles appear in 152 

different sizes, which might be attributed to particle aggregates or to the different depth at which 153 

the particles were located.  154 

 To investigate the particles localization in the worms’ body, and to decipher whether they 155 

pass the intestine barrier, we used transmission electron microscopy. TEM images show that the 156 

particles can be found in the intestine (Fig. 5D) and the intestine lumen (Fig. 5E). Interestingly, 157 

particles aggregates were also detected inside muscle tissue, very close to the body wall (Fig. 158 

5F).  Therefore, the nanoparticles can be located very close to excitable cells. 159 

 160 

Analysis of C. elegans locomotion  161 

Analysis of selected locomotion features revealed that worms fed with 1 μm and 100 nm 162 

diameter paramagnetic nanoparticles, when they moved freely in MF, had altered locomotion 163 

dynamics, compared to worms without internalized nanoparticles.  164 

We examined selected posture features for each worm of each group, namely the total 165 

body bends in degrees, and the number of bends (bend count) realized per worm. The total body 166 

bends were not affected by the presence of either particles or of MF (Fig. 6A). However, there 167 

was a significant increase in the number of bends per worm of Group 100 (Fig. 6B, WSR test p-168 

value = 0.031) when the MF was on.  169 
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Next, we analyzed features related to the motion state and velocity of the worms. The 170 

forward/backward ratio of Group 100 worms decreased when the worms were moving inside the 171 

MF (Fig. 6C, WSR test p-value = 0.010) and so did their stay ratio (Fig. 6D, WSR test p-value = 172 

0.007). Regarding the effect of particles independently of MF, worms of Group 1 had increased 173 

stay ratio compared to control animals, even when the MF was turned off (Fig. 6D, Kruskal-Wallis 174 

test for all groups in OFF state p-value = 0.045, WSR test comparing Group C OFF and Group 1 175 

OFF p-value = 0.005). The speed of worms fed with 100 nm particles decreased when MF was 176 

on (Fig. 6I, WSR test p-value = 0.004), as did speed x for Group 100 (Fig. 6G, WSR test p-value 177 

= 0.016) and for Group 1 worms (Fig. 6G, WSR test p-value = 0.037), whereas speed y 178 

component did not change significantly for any group tested (Fig. 6H). Velocity was not affected 179 

in any of the groups tested (Fig. 6E and 6F).  180 

We also examined two established path describing features, path curvature and range. 181 

The path curvature was not affected by either the presence of particles in the worm body or by 182 

MF under the experimental conditions applied (Fig. 6J). However, the range traveled is smaller 183 

when worms of Group 1 were moving inside MF compared to the range traveled when worms of 184 

the same group were moving without the effect of MF (Fig. 6K, WSR test p-value = 0.019). This 185 

difference was not reflected in any of the distinct components of range (�� and ��, Figs. 6L and 186 

6M, respectively).  187 

The p-values for all comparisons are provided in Tables S1 and S2.  188 

 189 

 190 

Discussion  191 

The impact of internalized nanoparticles on C. elegans locomotion  192 

Metal nanoparticles of various types have been used to evaluate particle toxicity using C. 193 

elegans (Gonzalez-Moragas et al., 2017; Gonzalez-Moragas et al., 2015b; Wu et al., 2012; Lim 194 

et al., 2012). Particle coating and size, worm developmental stage and duration of exposure have 195 

been shown to affect translocation of particles in various tissues of the worm's body (Pluskota et 196 

al., 2009; Gonzalez-Moragas et al., 2017; Wu et al., 2012). Particles used in the present study 197 

are larger (Gonzalez-Moragas et al., 2017; Gonzalez-Moragas et al., 2015b; Wu et al., 2012; Lim 198 

et al., 2012) and worms have been exposed to them for a shorter period (18-20hrs) than 199 

elsewhere (Wu et al., 2012; Yang et al., 2017). These differences may explain why most of the 200 

nanoparticles are found along the worms' pharynx, upper intestine (Fig. 4A, 4B) and lower 201 

intestine area (Fig. 4B). The location of 40 nm particles in worms of Group 40 around the pharynx 202 

and grinder area (Fig. 4C) is only approximate, as some deformation has been induced on the 203 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted February 19, 2019. ; https://doi.org/10.1101/248369doi: bioRxiv preprint 

https://doi.org/10.1101/248369


7 
 

sample during preparation, and SEM allows for detecting objects that are close to the body 204 

surface. Particles aggregates are also found in the intestine (Fig. 5D), intestine lumen (Fig. 5E) 205 

and in muscle tissue (Fig. 5F).    206 

Regarding locomotion features, the number of body bends in C. elegans L4 larvae has 207 

been shown to decrease significantly after exposure for 24 h to 9 nm nanoparticles coated with 208 

organic acid (Wu et al., 2012). Worms used in the present work are young adults and not larvae 209 

(Pluskota et al., 2009; Yang et al., 2017), which, as developing organisms, could be more 210 

vulnerable to toxic effects (Donkin and Williams, 1995). Moreover, particles used in the present 211 

work are larger (Gonzalez-Moragas et al., 2017; Gonzalez-Moragas et al., 2015b; Wu et al., 2012; 212 

Lim et al., 2012), and made of different metals (Lim et al., 2012; Li et al., 2012), which may result 213 

in different ability to overcome the intestine barrier or translocate to other tissues, as well as to 214 

different toxicity per se. Indeed, in our experiments, exposure of young adults to nanoparticles 215 

does not seem to massively affect posture, motion or path features (Fig. 6A-6M).  216 

In our experiments, the only metrics that was affected by nanoparticles alone was the stay 217 

ratio for Group 1 (0.25, Fig. 6D), which was higher compared to Group C (0.12, Fig. 6D, 218 

comparison indicated by dashed line). This means that Group 1 worms remain paused for longer 219 

over the total time recorded, compared to Group C. Aggregates of 1 μm particles in the intestine 220 

lumen (Fig. 4A) may resulted in heavier or more cumbersome worms, thus making it more difficult 221 

for them to move, although no difference to Group C worms speed and velocity was detected 222 

(Fig. 6E-6I). Since there was no MF present, no magnetic effect on the locomotive machinery 223 

could take place (see also next section), leaving the locomotion speed unaffected. However, the 224 

mass of the particles themselves, or the friction generated between the now heavier worms and 225 

the agar surface, could be one possible cause of the observed increased pausing (a single adult 226 

C. elegans mass is ~1 μg (Muschiol et al., 2009), and according to Methods, a single worm may 227 

have ingested 1 μm nanoparticles up to 10-15% of its body mass). Other effects on C. elegans 228 

physiology, e.g. impact on muscle function or increased body stiffness, could also be responsible 229 

for the increased pausing observed in Group 1 animals. Exploring these issues, however, lies 230 

beyond the scope of this paper.  231 

 232 

The impact of internalized nanoparticles, combined with MF, on C. elegans locomotion 233 

Magnetotaxis in C. elegans was recently demonstrated (Vidal-Gadea, 2015), with the 234 

participation of AFD neurons, the first to be identified as magnetosensory. It was suggested that 235 

endogenous magnetic material, previously reported in C. elegans, may be also involved (Vidal-236 

Gadea, 2015; Cranfield et al., 2004). These findings have sparked an ongoing discussion in the 237 
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C. elegans community (Landler et al., 2018; Vidal-Gadea et al., 2018). In our experiments, the 238 

locomotive behavior of Group C worms, which did not contain any particles, was not affected by 239 

the externally applied MF (Fig. 6). However, the presence of 100 nm and, in some cases, 1 μm–240 

diameter internalized nanoparticles had an impact on specific locomotion features (Fig. 6), when 241 

MF was applied.  242 

Group 100 worms that were moving in MF displayed more body bends (Fig. 6B) and spent 243 

more time paused (Fig. 6C, 6D). More body bends possibly indicate a more W-shaped 244 

locomotion, which has been described previously in burrowing worms, as opposed to the S-245 

shaped crawling or C-shaped swimming motion (Beron et al., 2015). During burrowing, worms 246 

have to put effort to move inside a viscous medium. Hence, one could assume that Group 100 247 

animals crawling in MF integrate more bends to their locomotion, to apply more effort to push their 248 

way forward. Indeed, counting the number of body bends has been suggested as a direct measure 249 

of the effort a worm is making to move (Hart, 2006). The assumption that moving may be laborious 250 

for these animals could be also supported by the fact that they pause more often (Fig. 6C, 6D) 251 

and they move more slowly (Fig. 6I). This is observed particularly in the direction of the MF (x 252 

direction, Fig. 2, Fig. 6G). The magnetic moment for the particles was aligned with the direction 253 

of the MF (on the plate surface they both follow the x direction, Fig. 3F).  254 

Group 1 worms moving inside MF had also reduced speed in the direction of the MF 255 

(������, Fig. 6G), which means that their locomotion was affected especially on the direction 256 

parallel to the MF. Moreover, Group 1 worms traveled over a smaller range (Fig. 6K), when the 257 

MF was on, which could reflect a modified exploratory behavior (Gray et al., 2005; Cheung et al., 258 

2005). This is more likely to have happened due to changes in the locomotive status related to 259 

MF rather than to their incentive to explore, since other environmental factors (e.g., food 260 

abundance, temperature) did not change.  261 

It is possible that worms slowed down when they found themselves in a particular 262 

orientation inside the MF, or when the internalized particles obtained a particular orientation with 263 

regard to the MF. This is supported by the results presented in Figure 2, where it is shown that 264 

the properties of MF change significantly in the direction of the MF. Therefore, any effect the MF 265 

may had on the particle-fed worm or on the internalized particles themselves, was changing as 266 

the worm was moving along the MF. 267 

There was no effect detected in Group 40, in any of the metrics examined. This can be 268 

due to the smaller MF or smaller gradient of MF of the particles in this group. However, we have 269 

been able to estimate the MF and the gradient of MF only for the 1 µm particles, due to lack of 270 

available information on the magnetic properties of the 40 nm and the 100 nm particles. 271 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted February 19, 2019. ; https://doi.org/10.1101/248369doi: bioRxiv preprint 

https://doi.org/10.1101/248369


9 
 

Nonetheless, we can compare the MF and gradient of MF between the particles based on their 272 

size (see Supplementary information). We found that smaller particles have larger gradient of MF 273 

compared to larger particles in their proximity. The overall impact each particle type has on the 274 

worms’ physiology depends on the magnitude and the gradient of MF. Both depend on the 275 

material properties of the particles, which determine the magnetic moment. The experimental 276 

observations suggested that the stronger effect among the three studied particles occurred in the 277 

case of 100 nm particles. 278 

The particles coating (Table 1) was not expected to affect their magnetic behavior. It could, 279 

however, impact their interaction with cells. Since the magnetic and physical properties of the 280 

particles are the most influential regarding the secondary MF effects, we focused on the particle 281 

size for our data analysis. In addition, the thickness of the coating was small (a single monolayer 282 

of streptavidin for the 1 μm particles and a 2-3nm thick layer of polymer for the 40 nm particles, 283 

according to the manufacturers), which means that the magnetic core could still affect cells and 284 

tissues close to the particle. The experimental procedure did not allow us to know the quantity of 285 

particles ingested by each individual worm, nor the exact location and the precise interactions of 286 

particle aggregates in each individual. Therefore, we cannot extract conclusions based on the 287 

particles’ quantity or exact aggregate location inside each worm tested.  288 

Ideally, results shown in Figures 2 and 3 should be combined to assess the synergistic 289 

properties of the external component of the MF (generated by the electromagnets) and of the 290 

secondary component of the MF (generated by the particles in their vicinity). However, the MF 291 

generated by the particles is very localized (in the microscale), as shown in Figure 3. Thus, we 292 

discuss below the potential effects of the MF induced by the electromagnets and of the secondary 293 

MFs separately, and on their own respective scale. We also discuss the effect of particles 294 

aggregates behavior, under the influence of external MF.  295 

 296 

Potential impact of internalized particles, combined with external MF, on C. elegans tissues 297 

The forces that were created either by the external MF or the paramagnetic particles 298 

themselves were small (Fig. 3E), and they were not strong enough to mechanically push the 299 

worms to move along their line of action. Hence, there must be some other mechanism 300 

responsible for the detected changes in worms' locomotion. The magnitude of the external and 301 

secondary MFs had the same order of magnitude and they were small (Fig. 2 and 3A, 3C). 302 

However, the gradient of the MF fields in the vicinity of the particles was substantially large (Fig. 303 

2B, 2D).  304 
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Effects were likely to be more pronounced where the external MF was stronger, since that 305 

would result in stronger secondary MFs generated by the particles (until the magnetization of the 306 

particles becomes saturated). Hence, the locomotion of worms crawling under stronger MF, 307 

namely near the electromagnets (Fig. 2), was more likely to be affected, compared to worms that 308 

were moving where the external MF is weaker. Therefore, the spatial distribution of the MF can 309 

partly explain the variations observed in the experiments. Moreover, since we had no direct 310 

control over the location where particles resided in the worms’ body, the presence or absence of 311 

paramagnetic particles where they could affect the mechanosensitive ion channels could be 312 

another reason for the variability that we observe in our experiments. In addition, the probability 313 

of a worm crawling into areas of higher magnetic flux, would result in it experiencing a stronger 314 

effect. The variations in the values of the metrics examined might in fact mirror that probability.  315 

Zablotskii and colleagues (Zablotskii et al., 2016) provide several examples in which the 316 

gradient of MF can affect cellular and subcellular mechanisms. The gradient of the secondary MF 317 

fields obtained from our simulations (up to 2x105 T/m for the 1 μm particles, Fig. 3B, 3D) was well 318 

above the threshold that Zablotskii and colleagues (Zablotskii et al., 2016) suggest may impact 319 

cells with mechanosensitive ion channels (103 T/m, see also Table 2 of Zablotskii et al., 2016). 320 

The gradient of the secondary internal MF fields was also above the threshold the same authors 321 

pose for magnetically induced changes on gene expression, however we consider such a 322 

possibility highly unlikely in our case, due to the very short time the external MF was applied (~ 323 

3.5min). Therefore, the secondary field generated by the paramagnetic particles upon application 324 

of external MF could lead to local gradients of MF inside the worm's body, large enough to 325 

interfere with the functionality of excitable cells (e.g., body muscle cells, see also Fig. 5F).  326 

This could have happened by affecting the cells' ion channels, provided that the particles 327 

were very close or even in contact with the cells' membrane. Experimental data presented here 328 

cannot provide insight on exactly which cells might have been the target of the observed MF 329 

effect. However, TEM findings (Fig. 5) showed that particles aggregates could be located in body 330 

wall muscles (Fig. 5F). Therefore, the possibility that excitable, e.g. muscle cells, were affected 331 

by ingested particles in the presence of MF, is considerable. Moreover, impact on the intestine 332 

(Fig. 5D, 5E) could affect C. elegans physiology and locomotion dynamics, given the multiple 333 

roles of this complex tissue (Mcghee, 2007; Nagy et al., 2015). Further experiments are needed 334 

to clarify the mechanism behind the observed changes. 335 

The possibility of MF having a direct action on the magnetosensitive neurons described in 336 

C. elegans by other authors (Vidal-Gadea, 2015) cannot be excluded. However, even if this were 337 

true, this action was not reflected in changed locomotion dynamics, which are the object of the 338 
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present study. Note that in our experiments we did not have direct evidence of sensory or motor 339 

neurons being affected by MF, neither was that possibility explored.  340 

Moreover, it is known that when magnetic field is applied to a population of paramagnetic 341 

particles, the particles self-organize into arrays, columns, or chains, depending on the nature of 342 

the applied magnetic field and the properties of the particle-containing medium (Liu et al., 2005; 343 

Liu et al., 1995; Doyle et al., 2002; Mirzakhalili et al., 2017). In our experiments, when the MF is 344 

turned ON, it is likely that the internalized particles start moving, as they organize into self-345 

assembled structures.  Therefore, it is possible that this motion applies pressure on or stretches 346 

the surrounding tissue, resulting in disturbance of the normal locomotion pattern.  347 

 348 

Conclusions  349 

The effect of internalized paramagnetic nanoparticles, in combination with externally 350 

applied magnetic field, on the dynamics of C. elegans’ locomotion is shown here. Established 351 

locomotion metrics, i.e. speed, motion state, bend count, showed differences between untreated 352 

worms and worms treated with particles when moving inside magnetic field, while they showed 353 

no difference between untreated and particles-treated worms in the absence of magnetic field. 354 

Possible explanations on the mechanism that leads to the observed results are provided by work 355 

on the effect of magnetic field gradients on cells (Zablotskii et al., 2016; Zablotskii et al., 2014), 356 

mediated by magnetic nanoparticles (Hughes et al., 2008), and by work on the self-organizing 357 

behavior of paramagnetic particles aggregates inside MF (Liu et al., 2005; Liu et al., 1995; Doyle 358 

et al., 2002). The exact mechanism by which the observed effect is achieved in the case of C. 359 

elegans needs to be further clarified. Our findings on the impact of internalized paramagnetic 360 

nanoparticles, in combination with externally applied magnetic field, on animals' behavior, could 361 

pave the way for more detailed studies on the sensitivity of biological systems to these biophysical 362 

factors. C. elegans nematodes could play a key role in the effort to decipher such phenomena.  363 

 364 

 365 

 366 

Materials and Methods 367 

Nanoparticles internalization 368 

We investigated the locomotion of four groups of young adult wild type N2 C. elegans 369 

hermaphrodites, fed on (see also Table 1):  370 

  i) plain bacterial food source E. coli OP50, control animals-Group C, n=29;  371 
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 ii) E. coli OP50 mixed with 1 μm-diameter paramagnetic particles (Dynabeads MyOne 372 

Streptavidin C1, Invitrogen, Thermo Fisher Scientific, USA), Group 1, n=33;  373 

iii) E. coli OP50 mixed with 100 nm-diameter paramagnetic particles (nanomag-CLD-red, 374 

Micromod Partikeltechnologie GmbH, Germany), Group 100, n=38 and  375 

iv) E. coli OP50 mixed with 40 nm-diameter paramagnetic particles (iron oxide nanocrystals, 376 

Ocean NanoTech, USA), Group 40, n=42.  377 

In all cases, particles were isolated from the initial suspension by brief centrifugation and were re-378 

suspended in OP50 in a final concentration of 0.5 mg/ml OP50-particle mix. Freshly made 60 mm 379 

standard NGM plates were seeded with 100 μl of plain OP50 or OP50-particle mix. Plates were 380 

left to dry overnight in room temperature and ~20 worms were transferred in them the next day. 381 

Nematodes were left to feed on the plain or enriched bacterial lawn for 18-20 h, at 20 °C. Then, 382 

they were either prepared for microscopy or 12-15 of them were transferred to a fresh, unseeded 383 

35 mm NGM plate for locomotion recording. In the second case, worms were left to acclimatize 384 

in the new plate for ~15 min before recording. There were three reasons for transferring worms 385 

to a new, smaller plate. First, we wanted the worms to experience the effect of only internalized 386 

nanoparticles under MF and not of the remaining particles on the plate surface. Second, the 387 

presence of enriched bacterial lawn on the plate surface interfered with the tracking algorithm and 388 

could have affected the worms' locomotion due to its viscosity. Third, by using 35 mm plates we 389 

decreased the distance between the electromagnets and the worms (as shown in Fig. 1), so that 390 

the worms experience a stronger external MF.  391 

For each group tested, experiments were run over 3 different experimental days. 392 

Therefore, each experimental day we processed 10-14 worms for a specific group. These 10-14 393 

worms were treated simultaneously (on the same plate), and each one of them is considered a 394 

biological replicate.  395 

 396 

Fluorescent, Scanning and Transmission Electron Microscopy (SEM and TEM) 397 

Fluorescent Microscopy: Worms were transferred to an unseeded NGM plate and were 398 

washed with 0.5 ml of 1X PBS. Next, they were transferred to a glass slide, where they were 399 

anesthetized on fresh agar pads (Shaham, 2006), using 10 mM NaN3 (Sulston, 1988). Samples 400 

were imaged using a BX51WI Olympus fluorescent microscope (Olympus, Tokyo, Japan) coupled 401 

with an ORCA-flash4.0 camera (Hamamatsu Photonics, Hamamatsu City, Japan).  402 

Scanning Electron Microscopy: Samples were prepared as described previously (Hall et 403 

al., 1999; Shaham, 2006), with modifications, dissection omitted. Briefly, worms were transferred 404 

to an unseeded NGM plate and were washed with 0.5 ml of 1X PBS. Next, they were transferred 405 
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to a glass cover slip and were anesthetized using 10 mM NaN3 (Sulston, 1988). Samples were 406 

imaged using FEI Helios 650 nanolab SEM/FIB (FEI, Thermo Fisher Scientific, Waltham, MA).  407 

Transmission Electron Microscopy: Samples were prepared based on the literature (Hall 408 

et al., 2012; Kovacs, 2015), with modifications. Briefly, tissues were fixed in pre-warmed or RT 409 

(room temperature) 3.2% PFA, 0.2% glutaraldehyde in 0.1 M sodium cacodylate buffer for 1h at 410 

RT and incubated overnight at 4 °C. Next, they were rinsed 3 x 10 min with 0.1 M sodium 411 

cacodylate buffer, and post-fix in 2% OsO4 in 0.1 M sodium cacodylate buffer for 1 h at RT. 412 

Another rinse 3 x 10 min with 0.1 M sodium cacodylate buffer followed, and then worms were 413 

embedded in resin mold in histogel.  Samples were dehydrated for 15 min each in 50%, 70%, 414 

90%, 95%, and finally two changes of 100% ethanol, cleared in two 15 min changes of propylene 415 

oxide, and infiltrated in propylene oxide:epon  (Embed812), as follows: a.3:1, 1 h, b. 1:1, 1 h, c. 416 

1:3, 1 h, d. Full strength, 2 h or overnight, two changes. Finally, samples were embedded in beam 417 

capsules in full epon, and polymerized at 60°C for 24 h. Samples were imaged using a JEM-1400-418 

plus transmission electron microscope (JEOL, Peabody, MA).  419 

 420 

Worm Recording and Tracking  421 

Recording: A 35 mm plate containing worms of a specific group was placed between the 422 

two electromagnets, as shown in Figure 1, so that the plate surface and therefore the worms were 423 

positioned close to the center of the electromagnets. First, a 200 sec movie (1 frame/sec) was 424 

recorded in the absence of MF (OFF state) and immediately after, a second 200 sec movie (1 425 

frame/sec) was recorded with the MF on (ON state), using QCapture Pro software, (QImaging, 426 

Surrey, Canada) and a Micropublisher3.3 RTV camera (QImaging, Surrey, Canada), mounted on 427 

an Olympus SZ61 microscope (Olympus, Tokyo, Japan). We recorded over 200 sec intervals 428 

because we were interested in detecting the transient effect of MF on locomotion dynamics. The 429 

two electromagnets used were a 4.0" Dia. Electromagnet, 12 VDC, and a 3.5" Dia. Electromagnet, 430 

12 VDC, both from APW Company, Rockaway, NJ. Electromagnets were operated at 1.67 A and 431 

3 A respectively, as indicated by the manufacturer, using a 1762 DC power supply (BK Precision, 432 

Yorba Linda, CA). By using a non-contact infrared thermometer (Omega Engineering, Norwalk, 433 

CT) we verified that the plate surface temperature remained constant throughout the recording 434 

period.   435 

Tracking: Every movie was imported to MATLAB (MathWorks, Natick, MA) for post-436 

processing. Each worm was tracked individually. To this end, we developed a custom tracking 437 

code in MATLAB (Fig. S2). In the first step, all frames were used to construct the movie 438 

background, which consisted of all the objects that did not move for long periods of time during 439 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted February 19, 2019. ; https://doi.org/10.1101/248369doi: bioRxiv preprint 

https://doi.org/10.1101/248369


14 
 

the entire recording. Then, each frame was subtracted from the background to extract the 440 

foreground, which consisted of all moving objects. Next, the user was prompted with the initial 441 

frame of the movie, of which the background had been already subtracted, to select the worm to 442 

be tracked by the software. After the user selected the worm, the code created a small examining 443 

frame around it and excluded the targeted worm from the rest of the movie frame. Then, the 444 

cropped figure was converted to a binary image. After the binary image was enhanced, the shape 445 

of the binary object, i.e. the worm, and its global position were stored. Next, the code proceeded 446 

to the next movie frame and used the extracted global location of the worm as the center of the 447 

small examining frame. The small examining frame must be large enough to capture the motion 448 

of the worm in two successive movie frames. Since there was more than one worm freely moving 449 

in each experiment, there were occasions in which more than one object were included in the 450 

small examining frame. For such occasions, the user was prompted by the code to manually 451 

indicate again the worm to be tracked. This way the worm that was initially selected to be tracked 452 

was always encapsulated by the examining frame. The code continued the tracking process until 453 

the last frame of the movie was processed, and it stored the shape of the worm and its global 454 

location for each frame. Once finished, the user run the code again to track another worm.  455 

 456 

Locomotion Analysis  457 

The following features of C. elegans morphology and experimental setup properties were 458 

used for the quantification of C. elegans locomotion parameters.  459 

Morphology Features  460 

1. Length: The worm length was defined as the chain-code pixel length of worm skeleton, 461 

which was converted into mm. 462 

2. Centroid: The worm density was assumed to be constant throughout its body, so the 463 

centroid of mass was the same as geometric centroid. Since the swing of the head or tail 464 

(first or last 1/12 chain-code length part of the worm) can significantly influence centroid 465 

determination, they were ignored when computing the centroid.  466 

Setup  467 

1. Coordinates system: The x axis was set along the direction of the MF, between the two 468 

electromagnets, and z axis was normal to the plate, pointing upwards (Fig.1). Thus, by 469 

applying the right-hand rule, the coordinates system was established. Since we did not 470 

identify head/tail orientation for the worms, the coordinates system was important for the 471 

detection of directionality. 472 
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2. Unit Conversion: Any feature regarding length was derived first in pixels. With a known 473 

length recorded with the same experimental setup, the conversion between pixels and 474 

microns was determined.  475 

Locomotion-related parameters of interest were divided in three categories: posture features, 476 

motion features and path features, as described extensively by Yemini and colleagues (Yemini et 477 

al., 2013), with minor modifications. A brief description of the examined features follows below.  478 

Posture Features  479 

1. Bends: The total body bends, measured in degrees, derive from the clockwise difference 480 

between two tangent supplementary angles (Fig. S4) along the worm skeleton. The mean 481 

value (���	
��
�) and standard deviation of bends (���
��
�) over the worm were also 482 

calculated, as intermediate steps.  483 

2. Bend Count: This metric (��	�����) corresponds to the number of bends along a single 484 

worm. First, the supplementary angles (see above, Bends) were computed along the 485 

worm skeleton. Next, a Gaussian filter over each 1/12 of the chain-code length of the 486 

skeleton was applied to the supplementary angles to smooth out any high frequency 487 

changes and is then normalized. The filter had a constant proportional to the reciprocal of 488 

the standard deviation, α=2.5. By checking the sequence of supplementary angles, the 489 

bend count was incremented whenever the angle reaches 0° or changes sign. The check 490 

started from the first 1/12 segment to the last 1/12 segment to ignore small bends near 491 

the tail and the head.  492 

Motion Features  493 

1. Motion State: Worm’s motion state can be divided in two types, the forward/backward state 494 

and the paused state. The worm was considered to be in the forward/backward state when 495 

its instantaneous speed was greater or equal to 5% of its mean length per second, and it 496 

was considered in the paused state when the instantaneous speed was less than 5% of 497 

its mean length per second. Therefore, the ratio of the time the worm was in the 498 

forward/backward state over the total recording time, namely the �������, and the ratio of 499 

the time the worm was in the paused state over the total recording time, namely the stay 500 

ratio  ���������, were calculated.  501 

2. Velocity: Velocity is defined as the signed difference between a single worm’s centroids 502 

of two sequential frames in the coordinate over the time gap between two frames (1sec). 503 

Velocity was further projected on two orthogonal axes x and y in the plane of the plate 504 

(Fig. 1), namely ��������� and ���������. The absolute value of velocity and its 505 

components gave �����, ������ and ������, respectively.  506 
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Path Features  507 

1. Path Curvature: This metric is defined as the angle, in radians, of the worm’s path divided 508 

by the distance traveled, in microns. Three successive frames were used to approximate 509 

the start, middle and end of the worm's instantaneous path curvature. The angle was 510 

measured by the difference in tangent angles between the second to last frame centroid 511 

and the first to the second frame centroid. Then, the path curvature was obtained by 512 

dividing the angle by the distance between the first and last centroid.  513 

2. Range: Range is defined as the distance between the worm’s centroid and the centroid of 514 

the worm's path, in each frame. The range was projected onto the orthogonal axes x and 515 

y in the plane of the plate (Fig. 1) to obtain the x-range ��, and the y-range ��.  516 

 517 

Magnetic field characterization  518 

COMSOL Multiphysics (COMSOL, Burlington, MA) software was used to characterize the 519 

MF that is generated by the two electromagnets in the experimental setup. The data for the 520 

magnetic flux density of the electromagnets (available from the manufacturer) was used to 521 

calibrate the parameters of the electromagnets in COMSOL Multiphysics. The COMSOL 522 

Multiphysics model was used also to estimate the intensity of the external MF, the gradient of the 523 

external MF, and the forces that are applied on paramagnetic particles by the external MF. 524 

MATLAB was used to calculate the forces applied on the paramagnetic nanoparticles. More 525 

details are given in the Supplementary Information section.  526 

 527 

Statistical analysis  528 

Locomotion features were analyzed using non-parametric tests, since the Anderson-529 

Darling normality test p-value was > 0.05 for all samples, thus rejecting the normality null 530 

hypothesis. For each metric analyzed, the Kruskal-Wallis test was used to detect whether there 531 

was any significant difference among the behaviors of all four groups in the absence of MF (OFF 532 

state). This comparison was done to determine whether the presence of particles themselves 533 

affects locomotion, regardless of external MF. Results were adjusted for ties and any difference 534 

was considered statistically significant when p ≤ 0.05. To detect differences among worms of the 535 

same group, the Wilcoxon Signed Rank (WSR) test was used and differences were considered 536 

statistically significant when p ≤ 0.05. All analyses were performed in Minitab (Minitab, State 537 

College, PA).  538 

To design the experiment, we run a statistical power analysis, using G*Power opensource 539 

software (Fig. S5). We prepared the sample size used in the experiments based on this 540 
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estimation. In order to make sure that we would have enough worms, since some of them might 541 

be injured or lost during the process, we slightly increased the sample size number. 542 

 543 
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 763 

 764 

Figure and Table Legends 765 

Fig. 1: Experimental set up. A: Parts of the experimental set up for the application of gradient 766 

magnetic field on freely moving C. elegans. 1: Objective lens and camera; 2: Electromagnets; 3: 767 

NGM plate with freely moving wild type N2 C. elegans, with schematic of plate orientation, red 768 

lines indicating x, y, and z axes; 4: Auxiliary transparent base; 5: Working stage with bright light 769 

source; 6: Power Supply; 7: Computer and recording software. Objects are not depicted in scale. 770 

B: Schematic of the orientation of the NGM plate (pink circle), x, y, and z axes and electromagnets 771 

(grey rectangles), top: view from above, bottom: view from aside. 772 

 773 

Fig. 2: COMSOL Multiphysics simulation results for the magnetic field generated by the 774 

electromagnets. A: Overview of the magnetic field flux density on the plane of the worm plate 775 

surface. The arrows show the direction of the magnetic flux. B: The magnetic field flux density 776 

distribution on the worm plate surface. The arrows indicate the direction of the magnetic field (the 777 

component of the magnetic field in the perpendicular direction is set equal to zero to avoid arrows 778 

going in/out of the plane). C: The magnetic forces applied on particles located on the plane of the 779 

worm plate surface. The arrows show the direction of the magnetic forces (the component of the 780 

force in the perpendicular direction is set equal to zero to avoid arrows going in/out of the plane). 781 

D: The gradient of the magnetic field in the direction of the axis that connects the centers of the 782 

two electromagnets. 783 

 784 

Fig. 3: Characterization of the magnetic field around the 1μm nanoparticles for two 785 

different configurations. The direction of magnetic moment for both configurations is along the 786 

x axis, as is shown in Figure 1. The magnetic moment of the particles is assumed to be similar 787 

and equal to the maximum value that is computed from the COMSOL Multiphysics simulations in 788 

the plate. A: The magnetic field flux density around three paramagnetic particles in the vertical 789 

configuration, i.e. along the y axis. The arrows indicate the direction of the magnetic field. B: The 790 

largest component of the gradient of the magnetic field for the vertical configuration of the 791 

paramagnetic particles. C: The magnetic field flux density norm around three paramagnetic 792 
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particles in the horizontal configuration, i.e. along the x axis. The arrows indicate the direction of 793 

the magnetic field. D: The largest component of the gradient of the magnetic field for the horizontal 794 

configuration of the paramagnetic particles. E: The forces between two particles in each 795 

configuration. F: The magnetic moment of the external magnetic field, which the particles 796 

experience once inside the magnetic field. 797 

 798 

Table 1: Groups of worms tested and properties of the respective nanoparticles. 799 

 800 

Fig. 4: Confirmation of nanoparticles uptake in young adult C. elegans.  A: Internalization of 801 

1 μm paramagnetic particles is verified by bright field microscopy. Left: worm fed with plain E. coli 802 

OP50 (control, Group C). Right: worm fed with E. coli OP50 mixed with 1um particles. Particles 803 

appear to be aggregated in the dark-colored pharynx (PHX) and intestine (INT) of Group 1 worms, 804 

in contrast to the light-colored pharynx (PHX) and intestine (INT) of Group C worms. Scale bar: 805 

0.1mm. B: Internalization of 100 nm magnetic, fluorescent nanoparticles is verified by 806 

epifluorescent microscopy.  Top panels: worm fed with plain E. coli OP50 (control, Group C), 807 

bottom panels: worm fed with E. coli OP50 mixed with 100 nm particles. Bright light: worms 808 

illuminated by bright light source; rhodamine: worms visualized with optical filter for rhodamine, 809 

Excitation 545 nm/Emission 565 nm; GFP: worms visualized with optical filter for green 810 

fluorescent protein (GFP), Excitation 395 nm/Emission 510 nm; DAPI: worms visualized with 811 

optical filter for DAPI, Excitation 358 nm/Emission 460 nm. In GFP and DAPI images, 812 

autofluorescence is the only fluorescence detected. Scale bar: 0.1 mm. C: Internalization of 40 813 

nm paramagnetic particles is verified by scanning electron microscopy (SEM). Left: a whole C. 814 

elegans as captured by SEM, using Everhart-Thornley SE detector. Center: 40 nm particles, 815 

shown as white dots, detected close to C. elegans pharynx, using circular backscatter (CBS) 816 

detector, magnification 1500x. Right: 40 nm particles, shown as white dots, detected close to C. 817 

elegans pharynx, using circular backscatter (CBS) detector, magnification 3000x. Location of 818 

particles is approximate, due to distortion generated during sample processing. 819 

 820 

Fig. 5: Location of nanoparticles in young adult C. elegans, using Transmission Electron 821 

Microscopy (TEM). A-B-C: Free particles (A: 100 nm, B: 1 μm, C: 40 nm) imaged with TEM; D: 822 

40 nm particles aggregates in the intestine; E: 100 nm particles aggregates in the intestine lumen; 823 

F: 40 nm particles aggregate in body muscle tissue (m.t.), close to epidermis (e) and cuticle (c). 824 

Dotted circles indicate particles aggregates in all panels. 825 

 826 
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Fig. 6: Locomotion features and their metrics, as they have been quantified for all four 827 

groups of worms tested (Group C: control animals, fed on plain food source E. coli OP50, n=29; 828 

Group 1: fed on E. coli OP50 mixed with 1 μm-diameter paramagnetic particles, n=33; Group 100: 829 

fed on E. coli OP50 mixed with 100 nm-diameter iron core paramagnetic particles, n=38; and 830 

Group 40: fed on E. coli OP50 mixed with 40 nm-diameter iron core paramagnetic particles, n=42) 831 

in the absence (OFF state) or in the presence (ON state) of external magnetic field. A-B: Posture 832 

features, C-I: Motion features, J-M: Path features. For each group tested worms were tracked in 833 

3 different experimental days. Grey dots represent individual worms; red diamonds represent the 834 

mean; blue boxes indicate the median confidence interval box, with a middle line indicating the 835 

median. Dashed lines show comparisons between worms of different groups in the absence of 836 

magnetic field (OFF state). Continuous lines show comparisons between the ON and OFF state 837 

of worms of the same group. All p-values given are calculated by the Wilcoxon Signed Rank test 838 

with confidence interval set at 95%, and any difference was considered statistically significant 839 

when p≤0.05. The p-values for all comparisons are given in Tables S1 and S2. 840 

 841 

Fig. S1: Calibration of the parameters in COMSOL Multiphysics simulations to match the available 842 

data for magnet 1 (A) and magnet 2 (B) that are used in the experiments. 843 

 844 

Fig. S2: An overview of the steps that are taken to analyze the locomotion of the worms. Top to 845 

bottom: A worm is selected in the first frame to be tracked. Next, several image enhancements 846 

are performed on the subframe that is created around the selected worm. Next, the grayscale 847 

image is converted to a binary image and postprocessing, e.g. finding the centroid (blue circle) of 848 

the worm, is performed. All these steps are conducted for the whole movie that is recorded. 849 

Finally, the data collected from all experiments are compared. 850 

 851 

Fig. S3: All the components of the gradient of the magnetic field for the particles in the vertical 852 

(along the y axis) and horizontal (along the x axis) configuration. 853 

 854 

Fig. S4:  The supplementary angle (α) is the difference in tangent angles at each skeleton point. 855 

 856 

Table S1: The magnetic field effect on the locomotion of worms with internalized nanoparticles. 857 

p-values of Wilcoxon Signed Rank test for all comparisons between OFF and ON state of each 858 

group studied.  With bold are highlighted the statistically significant differences, with p-value 859 

≤0.05. 860 
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 861 

Table S2: The particle effect on the locomotion of worms with internalized nanoparticles.  In the 862 

second column are given the p-values of Kruskal-Wallis test used to compare all groups of worms 863 

studied during their OFF state. In the last three columns are given the p-values of the Wilcoxon 864 

Signed Rank test used to compare Group C with each of the other three particle-containing 865 

groups. The Wilcoxon Signed Rank test was run only when Kruskal-Wallis test gave a p-value 866 

≤0.05. With bold are highlighted the statistically significant differences, with p-value ≤0.05. 867 

   868 

Fig. S5: Power analysis for locomotion dynamics experiments. G*Power open source software 869 

was used as described in Methods. A. Plot that shows the probability of detecting a real effect 870 

with regard to sample size; B. Table showing the protocol followed for the power analysis. The 871 

mean of group1 was set to 0.5 and the mean of group2 was set to 0.4, with SD within each group 872 

σ=0.1.    873 
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Fig. 1: Experimental set up. A: Parts of the experimental set up for the application of gradient magnetic field on 

freely moving C. elegans. 1: Objective lens and camera; 2: Electromagnets; 3: NGM plate with freely moving 

wild type N2 C. elegans, with schematic of plate orientation, red lines indicating x, y, and z axes; 4: Auxiliary 

transparent base; 5: Working stage with bright light source; 6: Power Supply; 7: Computer and recording 

software. Objects are not depicted in scale. B: Schematic of the orientation of the NGM plate (pink circle), x, y, 
and z axes and electromagnets (grey rectangles), top: view from above, bottom: view from aside.
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Fig. 2: COMSOL Multiphysics simulation results for the magnetic field generated by the electromagnets. A: 

Overview of the magnetic field flux density on the plane of the worm plate surface. The arrows show the 

direction of the magnetic flux. B: The magnetic field flux density distribution on the worm plate surface. The 

arrows indicate the direction of the magnetic field (the component of the magnetic field in the 

perpendicular direction is set equal to zero to avoid arrows going in/out of the plane). C: The magnetic 

forces applied on particles located on the plane of the worm plate surface. The arrows show the direction of 

the magnetic forces (the component of the force in the perpendicular direction is set equal to zero to avoid 

arrows going in/out of the plane). D: The gradient of the magnetic field in the direction of the axis that 

connects the centers of the two electromagnets.
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Fig. 3: Characterization of the magnetic field around the 1μm nanoparticles for two different configurations. The 

direction of magnetic moment for both configurations is along the x axis, as is shown in Figure 1. The magnetic 

moment of the particles is assumed to be similar and equal to the maximum value that is computed from the 

COMSOL Multiphysics simulations in the plate. A: The magnetic field flux density around three paramagnetic 

particles in the vertical configuration, i.e. along the y axis. The arrows indicate the direction of the magnetic field. 

B: The largest component of the gradient of the magnetic field for the vertical configuration of the paramagnetic 

particles. C: The magnetic field flux density norm around three paramagnetic particles in the horizontal 

configuration, i.e. along the x axis. The arrows indicate the direction of the magnetic field. D: The largest 

component of the gradient of the magnetic field for the horizontal configuration of the paramagnetic particles. E: 

The forces between two particles in each configuration. F: The magnetic moment of the external magnetic field, 

which the particles experience once inside the magnetic field.
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Group Particle Size Coating Magnetic properties Fluorescence

Group C - - - -

Group 1 1 μm Streptavidin Paramagnetic No

Group 100 100 nm No Paramagnetic Rhodamine

Group 40 40 nm -COOH Paramagnetic No

Table 1: Groups of worms tested and properties of the respective nanoparticles. 
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Fig. 4: Confirmation of nanoparticles uptake in young adult C. elegans.  A: Internalization of 1 μm paramagnetic particles 

is verified by bright field microscopy. Left: worm fed with plain E. coli OP50 (control, Group C). Right: worm fed with E. coli 

OP50 mixed with 1um particles. Particles appear to be aggregated in the dark-colored pharynx (PHX) and intestine (INT) 

of Group 1 worms, in contrast to the light-colored pharynx (PHX) and intestine (INT) of Group C worms. Scale bar: 0.1mm. 

B: Internalization of 100 nm magnetic, fluorescent nanoparticles is verified by epifluorescent microscopy.  Top panels: 

worm fed with plain E. coli OP50 (control, Group C), bottom panels: worm fed with E. coli OP50 mixed with 100 nm 

particles. Bright light: worms illuminated by bright light source; rhodamine: worms visualized with optical filter for 

rhodamine, Excitation 545 nm/Emission 565 nm; GFP: worms visualized with optical filter for green fluorescent protein 

(GFP), Excitation 395 nm/Emission 510 nm; DAPI: worms visualized with optical filter for DAPI, Excitation 358 

nm/Emission 460 nm. In GFP and DAPI images, autofluorescence is the only fluorescence detected. Scale bar: 0.1 mm. C: 

Internalization of 40 nm paramagnetic particles is verified by scanning electron microscopy (SEM). Left: a whole C. elegans 

as captured by SEM, using Everhart-Thornley SE detector. Center: 40 nm particles, shown as white dots, detected close to 

C. elegans pharynx, using circular backscatter (CBS) detector, magnification 1500x. Right: 40 nm particles, shown as white 

dots, detected close to C. elegans pharynx, using circular backscatter (CBS) detector, magnification 3000x. Location of 

particles is approximate, due to distortion generated during sample processing.
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Fig. 5: Location of nanoparticles in young adult C. elegans, using Transmission Electron Microscopy (TEM). A-B-

C: Free particles (A: 100 nm, B: 1 μm, C: 40 nm) imaged with TEM; D: 40 nm particles aggregates in the intestine; 

E: 100 nm particles aggregates in the intestine lumen; F: 40 nm particles aggregate in body muscle tissue (m.t.), 

close to epidermis (e) and cuticle (c). Dotted circles indicate particles aggregates in all panels.
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Fig. 6: Locomotion features and their metrics, as they have been quantified for all four groups of worms tested (Group 

C: control animals, fed on plain food source E. coli OP50, n=29; Group 1: fed on E. coli OP50 mixed with 1 μm-diameter 

paramagnetic particles, n=33; Group 100: fed on E. coli OP50 mixed with 100 nm-diameter iron core paramagnetic 

particles, n=38; and Group 40: fed on E. coli OP50 mixed with 40 nm-diameter iron core paramagnetic particles, n=42) in 

the absence (OFF state) or in the presence (ON state) of external magnetic field. A-B: Posture features, C-I: Motion 

features, J-M: Path features. For each group tested worms were tracked in 3 different experimental days. Grey dots 

represent individual worms; red diamonds represent the mean; blue boxes indicate the median confidence interval box, 

with a middle line indicating the median. Dashed lines show comparisons between worms of different groups in the 

absence of magnetic field (OFF state). Continuous lines show comparisons between the ON and OFF state of worms of the 

same group. All p-values given are calculated by the Wilcoxon Signed Rank test with confidence interval set at 95%, and 

any difference was considered statistically significant when p≤0.05. The p-values for all comparisons are given in Tables S1 

and S2.
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Supplementary Figures and Tables
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A B

Fig. S1: Calibration of the parameters in COMSOL Multiphysics simulations to match the available data for magnet 1 (A) 

and magnet 2 (B) that are used in the experiments.

Figure S1
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Fig. S2: An overview of the steps that are taken to analyze the locomotion of the worms. Top to bottom: A worm is 

selected in the first frame to be tracked. Next, several image enhancements are performed on the subframe that is 

created around the selected worm. Next, the grayscale image is converted to a binary image and postprocessing, e.g. 

finding the centroid (blue circle) of the worm, is performed. All these steps are conducted for the whole movie that is 

recorded. Finally, the data collected from all experiments are compared.

Figure S2
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Fig. S3: All the components of the 

gradient of the magnetic field for the 

particles in the vertical (along the y 

axis) and horizontal (along the x axis) 

configuration.
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Fig. S4:  The supplementary angle (α) is the difference in tangent angles at each skeleton point.

Figure S4
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Metric Group C OFF/ON Group 1 OFF/ON Group 100 OFF/ON Group 40 OFF/ON

Total bends 0.645 0.645 0.644 0.540

Bend count 0.052 0.093 0.031 0.764

Forward/backward ratio 0.681 0.193 0.010 0.747

Stay ratio 0.967 0.336 0.007 0.706

Velocity x 0.832 0.375 0.477 0.979

Velocity y 0.599 0.066 0.514 0.375

Speed x 0.431 0.037 0.016 0.936

Speed y 0.235 0.066 0.093 0.435

Speed 0.438 0.190 0.004 0.554

Path curvature 0.120 0.059 0.543 0.225

Range 0.773 0.019 0.104 0.706

D x 0.960 0.280 0.499 0.914

D y 0.626 0.250 0.217 0.920

Table S1: The magnetic field effect on the locomotion of worms with internalized nanoparticles. p-values of 

Wilcoxon Signed Rank test for all comparisons between OFF and ON state of each group studied.  With bold are 

highlighted the statistically significant differences, with p-value ≤0.05.
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Metric Kruskal-Wallis Group C vs Group 1 Group C vs Group 100 Group C vs Group 40

Total bends 0.649

Bend count 0.237

Forward/backward ratio 0.234

Stay ratio 0.045 0.005 0.226 0.064

Velocity x 0.729

Velocity y 0.321

Speed x 0.498

Speed y 0.804

Speed 0.661

Path curvature 0.096

Range 0.115

D x 0.649

D y 0.188

Table S2: The particle effect on the locomotion of worms with internalized nanoparticles.  In the second column are 

given the p-values of Kruskal-Wallis test used to compare all groups of worms studied during their OFF state. In the 

last three columns are given the p-values of the Wilcoxon Signed Rank test used to compare Group C with each of 

the other three particle-containing groups. The Wilcoxon Signed Rank test was run only when Kruskal-Wallis test 

gave a p-value ≤0.05. With bold are highlighted the statistically significant differences, with p-value ≤0.05.
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Analysis: A priori: Compute required sample size

Input: Tail(s) = One

Effect size d = 1.0000000

α err prob = 0.05

Power (1-β err prob) = 0.95

Allocation ratio N2/N1 = 1

Output: Noncentrality parameter δ = 3.391165

Critical t = 1.680230

Df = 44

Sample size group 1 = 23

Sample size group 2 = 23

Total sample size = 46

Actual power = 0.954817

Power (1-β err prob)

t tests - Means: Difference between two independent means (two groups)

Tail(s) = One, Allocation ratio N2/N1 = 1, α err prob = 0.05, Effect size d = 1

15
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Fig. S5: Power analysis for locomotion dynamics experiments. 

G*Power open source software was used as described in 

Methods. A. Plot that shows the probability of detecting a real 

effect with regard to sample size; B. Table showing the 

protocol followed for the power analysis. The mean of group1 

was set to 0.5 and the mean of group2 was set to 0.4, with SD 

within each group σ=0.1.   

A

B
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Supplementary Information  

The features of the magnetic field (MF) presented here are independent of the magnetic 

particles and depend only on the properties of the electromagnets and the geometry of the 

setup. However, the forces that are exerted on the particles depend also on the properties of the 

particle. We have used several different magnetic particles in our experiments. The numerical 

simulations and analysis are performed only on the largest magnetic particles since such 

analysis provide us with the largest forces that can be created because of the external MF. 

Moreover, the characteristics of Dynabeads are more accessible (Fonnum et al., 2005) 

compared to the rest of the particles used in our experiments.  

The forces on a magnetic particle in an external MF can be characterized as 

(Shevkoplyas et al., 2007):  

0

0

( ) ( . )bead
V

V





    F M B B B ,        (1) 

where 0,  ,  ,  
bead

V M   are the density, volume, initial magnetization, and initial magnetic 

susceptibility of the particles, respectively. F  is the force acting on the particle, B  is the 

external MF, and 0  is the permeability of vacuum.  
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Equation (1) is used with the properties of the magnetic particles (Fonnum et al., 2005) 

and the simulation results from COMSOL Multiphysics for the external MF to calculate the 

forces acting on the magnetic particles. Figure 2 shows that the magnitude of the force at all 

locations on the plate, which, as expected, can be observed to be larger near the 

electromagnets where the MF and its gradient are larger.  

The magnetization of the particles creates local modifications to the MF compared to the 

externally applied MF. From classical physics, the MF around a magnetic dipole can be 

expressed as:  

0

5 3

3 ( )
( )

4 r r




   
 

r M r M
B r ,         (2) 

where r  is position vector relative to the particle at which the MF is calculated and M  is the 

magnetic moment of the particle that can be calculated as (Shevkoplyas et al., 2007):  

0

0

bead external

 

 
B

M M .         (3) 

Equation (3) is used with the properties of the largest particles in our experiments 

(Fonnum et al., 2005) along with the external MF (
external
B ) created by the electromagnets 

obtained from COMSOL Multiphysics to determine the magnetic moments of the particles in the 

presence of the external MF. Next Eq. (2) is used to calculate the MF around the particles when 

the magnetic moment is known. Figure 3 shows the magnitude of the MF flux for vertical and 

horizontal configuration of three magnetic particles using Eqs. (2) and (3) in MATLAB. The MF 

is strong close to the particles for both configurations, and decays rapidly with distance from the 

particles.  

The MF shown in Figure 3 can also be used to calculate the gradient of the MF around 

the particles. Figure 3 show the gradient of the magnetic of for both horizontal and vertical 

configuration. Again, the gradient of the MF is strongest near the particles and decays rapidly 

with distance from the particles.  

Finally, the forces between two magnetic particles can be found as (3):  

 
2

0
12 1 2 12 2 12 1 1 12 2 1 12 2 12 124

12

3
( ) )( ( 5( () . ) . )

4

M

r




       F n n t n t n n t n n t n t t    (4) 

where 12F  is the force between the two particles, 12r  is the distance between the two particles,

12t  is the unit vector that connects the two particles , 1n  and 2n  are the direction of the magnetic 

moment for particle 1 and 2, and M  is the magnitude of the magnetic moment of the two 
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particles. Here, we have assumed that the distance between the two particles is small leading to 

the same magnetic moment for both particles based on Eq. (3). Figure 3E shows how the force 

between two particles changes for both vertical and horizontal direction. The force between the 

particles in the horizontal direction is repulsive while the force between the particles in the 

vertical direction is attractive. The attractive forces between the particles cause them to form 

chain-like structures when they are not interrupted by the medium in which the particles are 

located (Mirzakhalili et al., 2017; Nakata et al., 2008).  

 

 

Comparison of the MF/gradient MF between particles 

We compare the MF and gradient of MF between the particles based on their size. The iron 

mass of an ideal spherical particle scales with 
3
d  , where d  is the diameter of the particle. 

Hence, for constant density, smaller particles have smaller magnetic mass by a factor of 
3

d


. 

However, according to Eq. 2 in the Supplementary Information, the MF around a particle scales 

with 
3

r


, where r  is the distance from the center of the particle. Therefore, the MF on the 

surface of a particle changes with its size. Smaller particles have less magnetic material, so 

their MF in the proximity of the particle is smaller. In addition, the gradient of MF scales with 
4

r


. Hence, since the mass of the magnetic core scales with 
3

d


, the gradient of MF on the surface 

of the particle scales with d . Therefore, smaller particles will have larger gradient of MF 

compared to larger particles in their proximity. 
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