
Figure 4: Validation of RPM predictions: Regenerating S. mediterranea planarians 2 hours
after injury, exposed to a range of static WMFs. (a) Diagram of amputation (dotted red line).
Red box represents region as shown in b which corresponds to the anterior wound site. (b)
O –

2 accumulation visualized by orange 1 live reporter dye. Control = 45 µT (B2, geomagnetic
average). Solid arrow = normal O –

2 levels. Double arrows = increased and open arrow =
inhibited O –

2 levels (as compared to control). Scale bars = 100 µm. Anterior is up. (c)
Quantification of b, with changes in signal intensity relative to 45µT controls. n>12 for all.
Significance: Student’s t-test. *p<0.02, **p<0.005, ****p<0.0001.

the wound site in a field strength dependent manner consistent with the RP model.207

3.2 Multiple hyperfine interactions208

Although Rishabh et al.’s model correctly predicted the sign of WMF effects, it significantly209

overestimates the impact of hypomagnetic fields compared to higher field values. We found that210

this is, in part, an artifact of the simplifying assumption of including only one HFI. Bringing211

the RP model closer to reality by taking into account isotropic HFIs with multiple nuclei (not212

just the largest one as in the previous work by Rishabh et al.) leads to a much-improved213

correspondence between the predictions of the theoretical model and the observations from the214

experiments. Fig. 5 shows the theoretical predictions of our model with five HFIs. We have215

taken into account the five nuclei with the largest isotropic HFCCs, namely: H5 (−802.9 µT),216

N5 (431.3 µT), three H8 (255.4 µT) [30]. Note that introducing a second HFI had significant217

effects, but adding additional HFIs beyond that had little impact. This is shown in Fig. 6 in the218

supporting information. At this point, let us also note that, despite the introduction of multiple219

HFIs, the agreement between theory and experiment—though significantly improved—is still220

not perfect. While it is difficult to pinpoint the exact cause of this mismatch, it may stem from221

the amplification chemistry or the observational techniques used for measuring superoxide.222
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Figure 5: Multiple HFIs: Change in the fractional triplet yield for triplet-born RP with
respect to the geomagnetic control (45 µT) as a function of the magnetic field. rA = 105 s−1

and rB = 106 s−1. kS and kT are singlet and triplet reaction rates, respectively. rA and rB are
the spin relaxation rates of radicals A and B, respectively. 5 HFIs: H5 (−802.9 µT), N5 (431.3
µT), three H8 (255.4 µT) [30].

4 Discussion223

In this work, we set out to test the predictions of a [FH · · ·O –
2 ] RP-based model for WMF224

effects on O –
2 levels during planarian regeneration. It was known that a triplet-born free225

radical pair can replicate the previously observed magnetic field dependence, including the sign226

change [20]. However, the model’s predictions at hypomagnetic and higher fields did not align227

with the expected behavior of O –
2 based on prior observations of blastema size. Surprisingly,228

our experiments confirmed the predictions of the radical pair model concerning the behavior229

of superoxide at hypomagnetic and larger fields. Moreover, extending previous models, we230

found that taking into account isotropic HFIs with multiple nuclei leads to a much-improved231

correspondence between the RP model’s predictions and the experimental data. These results232

strongly suggest the possibility of an underlying RPM.233

These results also highlight the complex interrelation between O –
2 and tissue regeneration234

in planarians. As mentioned above, the blastema size, measured by Kinsey et al. [12], does not235

emulate the behavior of superoxide concentration at the wound site, in particular for 0 and 700236

µT. This non-linear relationship between new tissue growth and superoxide levels after injury237

may be related to the fact that superoxide accumulation occurs in the first hours after injury,238

while blastema growth occurs between 24-72 hours [32]. Teasing apart the exact relationship239

between early ROS and tissue regrowth should be a focus of studies going forward.240

It should be noted that despite the successful predictions of this RP model regarding the241

superoxide levels, some open questions remain. We highlight some of the main issues in this and242

the following paragraphs. The usual singlet product of the [FH · · ·O –
2 ] RP is H2O2 [18, 19].243

However, Kinsey et al.[12] did not observe any significant effect of WMF on H2O2 concentration.244

This suggests that either H2O2 is not the main singlet product in the present case, or more245

probably, it indicates the absence of an amplification process for H2O2.246

It has been suggested in the past that due to fast molecular rotation, free O –
2 should have247

a spin relaxation lifetime on the orders of 1 ns and hence a fast spin relaxation rate rB [33,248

34]. The relaxation rate requirement calculated by our model for rB is significantly lower than249

this expected value. However, this fast spin relaxation of free superoxide can be lowered if250
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the molecular symmetry is reduced and the angular momentum is quenched by the biological251

environment [33, 34]. Although, it should be noted that for this to happen O –
2 must be tightly252

bound [34]. Such a possibility may arise in the case of the Nox enzyme because of the pres-253

ence of O2 binding pockets near the heme proteins. However, it should be noted that tightly254

bound flavin molecules, which require consideration of anisotropic rather than isotropic hyper-255

fine coupling, cannot explain experimental observations [20]. This strongly suggests that the256

O –
2 involved is not produced via Nox, or the flavin bound to Nox is unexpectedly still relatively257

free to rotate. It has also been indicated that O2 would need to bind in the mitochondrial258

electron transfer flavoprotein for superoxide production [35]. Direct evidence of such inhibition259

of spin relaxation (for example, an electron paramagnetic resonance spectrum of O –
2 ) has yet260

to be found.261

Despite predicting the correct behavior of magnetic field effects, the RPM model alone can262

not predict the right size of these effects and does not account for the temporal aspect of Kinsey263

et al.’s [12] observation. This illustrates the need for an amplification process for O –
2 [20]. The264

existence of Ca2+-O –
2 self-amplifying loop [36] and JNK-O –

2 amplification pathway [37], and the265

fact that such a pathway is activated precisely during regeneration [38] adds to the plausibility266

of such an amplification process.267

It should also be pointed out that we have ignored inter-radical interactions in our modeling.268

The effects of including exchange interaction have been studied in Ref. [20] and do not change269

our main conclusions.270

In this study, we have only considered triplet-born free RPs. However, other related possi-271

bilities, such as F-pairs and radical triads, cannot be ruled out [20]. Moreover, the possibility272

that these WMF effects may be due to some other RP, such as flavin-tryptophan, can not be273

completely excluded. The production of O –
2 , in that case, might happen downstream of the274

RP spin dynamics [39]. However, it should be noted that there is no strong biological reason275

to believe the involvement of such RPs in O –
2 production during planarian regeneration. For276

example, it remains unclear whether CRY, a natural host of flavin-tryptophan RP, plays any277

role in planarians. It is also possible that mechanisms other than the RPM could also explain278

the WMF effects on planarians.279

In summary, although further investigation is needed to conclusively prove the involvement280

of a radical pair in planarian regeneration or to determine the exact nature of such a pair,281

the experimental verification of RPM’s predictions regarding superoxide levels in this study282

provides significant support to the possibility of such an underlying quantum mechanism.283

5 Methods284

5.1 Radical pair mechanism calculations285

The state of the RP is described using the spin density operator. The coherent spin dynamics,286

chemical reactivity, and spin relaxation all together determine the time evolution of the spin287

density matrix of the RP system.288

Since the ground state of the oxygen molecule is a triplet, we will consider the initial state289

of the RP to be a triplet:290

1

3M
P̂ T =

1

3

{
|T0⟩ ⟨T0| + |T+1⟩ ⟨T+1| + |T−1⟩ ⟨T−1|

}
⊗ 1

M
ÎM , (3)

where P̂ T is the triplet projection operator, M is the total number of nuclear spin configurations,291

|T0⟩ and |T±1⟩ represent the triplet states of two electrons in RP with the spin magnetic quantum292

number (mS) equal to 0 and ±1 respectively. ÎM represents the completely mixed initial state293

of the nuclei.294

The time dependence of the spin density operator is obtained using the Liouville Master295

Equation [16, 40]:296
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d ˆρ(t)

dt
= − ˆ̂

L[ρ(t)], (4)

where Liouvillian superoperator
ˆ̂
L = ι

ˆ̂
H +

ˆ̂
K +

ˆ̂
R.

ˆ̂
H,

ˆ̂
K, and

ˆ̂
R are Hamiltonian superop-297

erator, chemical reaction superoperator, and spin relaxation superoperator, respectively.298

The most general spin Hamiltonian for RP will include Zeeman (ĤZ) and HF (ĤHF ) inter-299

actions as well as the inter-radical interactions (ĤIR), which incorporate exchange and dipolar300

terms.301

Ĥ = ĤZ + ĤHF + ĤIR. (5)

Due to the potential random orientation of the molecules in question, we only take into302

account the isotropic Fermi contact contributions in HF interactions. In this study we consider303

the following five isotropic HF couplings for FH :

Nuclei HFCC (µT)

H5 −802.9

N5 431.3

H8 (X3) 255.4

Table 1: Hyperfine interactions taken into account for FH [30].

304

The unpaired electron on O –
2 (containing two 16O nuclei) has no HF interactions. It should305

be noted that the fact that O –
2 has no HFI helps in improving the magnetic sensitivity of306

RPs [41–44]. Furthermore, for simplicity, we do not consider any inter-radical interactions in307

our model. The form of the simplified spin Hamiltonian is given in Eq. 1308

For spin-selective chemical reactions (reaction scheme of Fig. 1b), we use the Haberkorn309

superoperator [40], which is given by the following equation:310

ˆ̂
K =

1

2
kS

(
P̂S ⊗ I4M + I4M ⊗ P̂S

)
+

1

2
kT

(
P̂ T ⊗ I4M + I4M ⊗ P̂ T

)
, (6)

where symbols have above stated meanings. Spin relaxation is modeled via random time-311

dependent local fields [45, 46], and the corresponding superoperator reads as follows:312

ˆ̂
R = rA

[3

4
I4M ⊗ I4M − ŜAx ⊗ (ŜAx)T − ŜAy ⊗ (ŜAy)T − ŜAz ⊗ (ŜAz)T

]
+ rB

[3

4
I4M ⊗ I4M − ŜBx ⊗ (ŜBx)T − ŜBy ⊗ (ŜBy)T − ŜBz ⊗ (ŜBz)T

]
,

(7)

where the symbols have above stated meanings. The ultimate fractional O –
2 yield for triplet-313

born RP (Φ
(T )
T ) for time periods much greater than the RP lifetime is given by:314

Φ
(T )
T = kT Tr

[
P̂ T ˆ̂

L−1[
1

3M
P̂ T ]

]
. (8)

The computational calculations and plotting were performed on Mathematica [47].315

5.2 Animal care and amputations316

An asexual clonal line of Schmidtea mediterranea (CIW4) was maintained in the dark at 18 °C.317

Planarians were kept in Ultrapure Type 1 water with Instant Ocean salts at 0.5 g/L (worm318

water). Animals were fed every third week with liver paste processed from a whole calf liver319

(antibiotic and hormone free) obtained from C. Roy & Sons Processing (Yale, MI). Liver paste320

was frozen and thawed only once. Worms 5-6 mm in length were used (which had been starved321

at least 2 weeks before use). Amputations were done with a scalpel over a custom made cooling322

peltier plate under a dissecting microscope. Fragments were produced via transverse amputation323

just anterior to the pharynx, with a single cut made at 90 degrees to the sagittal plane.324
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5.3 Magnetic field exposure325

Experimentally-controlled static WMF exposures were generated with a custom-built MagShield326

box (a pair of triaxial Helmholtz coils inside a partitioned mu-metal enclosure that blocks327

external magnetic fields), as previously described [48]. Direct electric current to Helmholtz328

coils was supplied by DC power sources (Mastech HY3005D-2-R) and was fed through both329

x and y axis coils to produce a uniform magnetic field. The MagShield box was kept in a330

temperature-controlled room (20 °C) and experiments were performed in the dark. Animals331

were placed in 60 mm Petri dishes in worm water (or specific media as described), with a max332

of n = 10 per replicate. For each replicate, 45 µT (Earth normal) controls were run in one333

partition concurrently with experimental field strengths (as indicated) in the other partition.334

Field strengths were confirmed using a milli/Gauss meter (AlphaLab models GM1-HS or MGM)335

at the start and completion of each run. All planarians were exposed to WMFs within 5 min336

of amputation and then continuously (except when dye solution was added) until they were337

removed for imaging. Replicates (N) and total samples (n) per condition: 45 µT N = 15, n =338

97; 0 µT N = 3, n = 26; 200 µT N = 6, n = 48; 500 µT N = 3, n = 29; 700 µT N = 2, n = 12;339

900 µT N = 2, n = 20. Note: 0 µT = +/- 2 µT (tolerance of milligauss meter).340

5.4 Detection of superoxide and statistical analyses341

Superoxide levels were detected using a cell-permeant live fluorescent reporter dye as previously342

described [12]. 2 µM orange 1 dye (Enzo Life Sciences ENZ-51012) in worm water used used,343

made from 5 mM dimethylformamide stock; excitation, 550 nm; emission, 620 nm. Fragments344

were exposed to WMFs from 5 min to 1 h post amputation. At 1 h, fragments were quickly345

moved to new 35 mm Petri dishes in orange 1 solution and returned to the MagSheild box for346

an additional 1 h of WMF exposure. Thus fragments were exposed to WMFs for 2 h total,347

including 1 h of dye loading, at which time regenerates were rinsed 3X in ice cold worm water348

in the dark to preserve fluorescence and imaged. A Zeiss V20 fluorescence stereomicrope with349

an AxioCam MRm camera and ZEN (lite) software was used for image collection. Live images350

were taken while fragments were extended to prevent signal intensity skewing due to scrunching.351

Animals were imaged in 35 mm FluoroDishes (WPI FD35-100) with 25 mm round no. 1.5352

coverslips (WPI 503508). All samples were imaged at the same magnification and exposure353

levels to prevent confounding variables during comparisons (i.e., acquisition conditions were354

kept constant across an experiment between control/treated). Photoshop (Adobe) was used355

to orient and scale images. No data was added or subtracted. Original images available by356

request. For quantification: the magnetic lasso tool in Photoshop was used to measure gray357

mean values (signal intensity) of fluorescent dye at the anterior wound. To account for any358

variation in dye loading, signal intensity was calculated as the difference between signal at the359

anterior wound site versus signal from the middle of the regenerate (the pharyngeal region):360

blastema – pharyngeal region. Significance: two-tailed Student’s t-test with unequal variance361

(Microsoft Excel) as compared to Earth normal controls.362

Data availability

The original contributions presented in the study are included in the article/Supplementary
Material, further inquiries can be directed to the corresponding author.

Code availability

The Mathematica notebooks used to generate theoretical plots are available from the corre-
sponding author upon request.
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3. Calabrò, E. et al. Effects of low intensity static magnetic field on FTIR spectra and ROS
production in SH-SY5Y neuronal-like cells. Bioelectromagnetics 34, 618–629 (2013).

4. Martino, C. F. & Castello, P. R. Modulation of hydrogen peroxide production in cellular
systems by low level magnetic fields. PLoS One 6, e22753 (2011).

5. Poniedzia lek, B., Rzymski, P., Karczewski, J., Jaroszyk, F. & Wiktorowicz, K. Reactive
oxygen species (ROS) production in human peripheral blood neutrophils exposed in vitro
to static magnetic field. Electromagnetic Biology and Medicine 32, 560–568 (2013).

6. Zhang, B. et al. Long-term exposure to a hypomagnetic field attenuates adult hippocampal
neurogenesis and cognition. Nature communications 12, 1174 (2021).

7. Bekhite, M. M. et al. Static electromagnetic fields induce vasculogenesis and chondro-
osteogenesis of mouse embryonic stem cells by reactive oxygen species-mediated up-regulation
of vascular endothelial growth factor. Stem Cells and Development 19, 731–743 (2010).

8. De Nicola, M. et al. Magnetic fields protect from apoptosis via redox alteration. Annals of
the New York Academy of Sciences 1090, 59–68 (2006).

9. Hajipour Verdom, B., Abdolmaleki, P. & Behmanesh, M. The static magnetic field re-
motely boosts the efficiency of doxorubicin through modulating ROS behaviors. Scientific
reports 8, 990 (2018).

10. Sies, H. & Jones, D. P. Reactive oxygen species (ROS) as pleiotropic physiological signalling
agents. Nature reviews Molecular cell biology 21, 363–383 (2020).

11. Van Huizen, A. V. et al. Weak magnetic fields alter stem cell–mediated growth. Science
advances 5, eaau7201 (2019).

12

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 21, 2024. ; https://doi.org/10.1101/2024.11.20.624392doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.20.624392
http://creativecommons.org/licenses/by/4.0/


12. Kinsey, L. J., Van Huizen, A. V. & Beane, W. S. Weak magnetic fields modulate superoxide
to control planarian regeneration. Frontiers in Physics 10, 1356 (2023).
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Supporting Information

Multiple hyperfine interaction

We found that introducing a second HFI had significant effects, but adding additional HFIs
beyond that had little impact.

Nuclei HFCC (µT)

H5 −802.9

N5 431.3

H8 (X3) 255.4

N10 250.6

Hβ 190.8

Table 2: Hyperfine interactions for FH [30].

(a) (b)

(c)

Figure 6: Effects of having more than one HFIs: Change in the fractional triplet yield for
triplet-born RP with respect to the geomagnetic control (45 µT) as a function of the magnetic
field. rA = 105 s−1, rB = 106 s−1. rA and rB are the spin relaxation rates of radicals A and B,
respectively. kS and kT are singlet and triplet reaction rates, respectively.(a) kS = 107 s−1 and
kT = 106 s−1, (b) kS = 107 s−1 and kT = 5 × 105 s−1, (c) kS = 5 × 106 s−1 and kT = 2 × 106

s−1
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