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(57) ABSTRACT 
Magneto-electric nanoparticles in a subject interact With an 
external magnetic ?eld to cause stimulation of neural net 
Works in the subject. Electric signals in the neural network are 
coupled to magnetic dipoles induced in the nanoparticles to 
cause changes in electric pulse sequences of the subject’s 
brain. 
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FIG. 1 B FIG. 1A 

FIG. 1D FIG. 1C 
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FIG. 25 FIG. 2A 

FIG. 2D FIG. 2C 
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FIG. 43 FIG. 4A 

FIG. 4D FIG. 4C 
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METHOD FOR NON-INVASIVE BRAIN 
STIMULATION 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This applications claims the bene?t of priority under 
35 USC §119(e)ofU.S. Provisional Patent Application No. 
61/650,314, ?led May 22, 2012, Which is incorporated herein 
by reference in its entirety and for all purposes. 

STATEMENT REGARDING FEDERAL 
RESEARCH 

[0002] This invention Was made With government support 
under: Department of Defense (DoD) Defense Microelec 
tronics Activity (DMEA) contract #H94003-09-2-0904; 
National Science Foundation (NSF) aWard #005084-002; 
National Institute of Health (NIH) DA #027049; University 
of California (UC) Discovery Grant #189573; and Florida 
Scholars Boost AWard #212400105. The government has cer 
tain rights in the invention. 

FIELD OF THE DISCLOSURE 

[0003] The present disclosure relates to methods of arti? 
cially and non-invasively stimulating neural activity in the 
brain and, speci?cally, to methods using magneto-electric 
nanoparticles. 

BACKGROUND 

[0004] The background description provided herein is for 
the purpose of generally presenting the context of the disclo 
sure. Work of the presently named inventors, to the extent it is 
described in this background section, as Well as aspects of the 
description that may not otherWise qualify as prior art at the 
time of ?ling, are neither expressly nor impliedly admitted as 
prior art against the present disclosure. 
[0005] The ability to monitor and affect signaling Within a 
neural netWork and, in particular, Within the brain remains an 
area of research that has broad potential implications in medi 
cine and neural engineering. Within the medical realm, for 
example, brain stimulation has been shoWn to relieve and/or 
prevent symptoms associated With a variety of conditions 
including, for example, infections, trauma, stroke and other 
vascular conditions, seiZures, tumors, and various neurode 
generative conditions such as Parkinson’s disease, AlZhe 
imer’s diseases, multiple sclerosis, and others. 
[0006] The signaling in a biological neural netWork is 
based on a highly collective system of electric charges, neu 
rotransmitters and action potentials. The ability to reliably 
and non-invasively incite and monitor the neuronal charge 
excitations from outside With the purpose of arti?cially 
stimulating the neural netWork remotely remains an impor 
tant roadblock to enable advances in the detection, monitor 
ing, and treatment of neurological and related conditions. A 
neural netWork can be considered as a complex electrical 
circuit made of many neurons connected through synapses 
formed betWeen axons and dendrites. Both types of synapses, 
knoWn as chemical and electrical synapses, respectively, 
transfer information betWeen adjacent axons and dendrites 
directly or indirectly through electric ?eld energy. Conse 
quently, the neural netWork is sensitive to external electric 
?elds. Moreover, the ability to ef?ciently control the netWork 
at the micro- or nano-scale can enable unprecedented control 
of important brain functions. Existing technology typically 
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relies on invasive direct-contact-electrode techniques such as 
Deep Brain Stimulation (DBS), Which is one of only a feW 
neurosurgical methods alloWed for blinded studies. Existing 
non-invasive brain stimulation methods include repetitive 
trans-cranial magnetic stimulation (rTMS) and trans-cranial 
direct current stimulation (tOCS). rTMS and tDCS represent 
major advances of the state of the art in non-invasive brain 
stimulation, but the depth and locality focusing are limited in 
both methods. In rTMS, high intensity magnetic ?elds are 
required to stimulate deep brain regions but high intensity 
magnetic ?elds may lead to undesirable side effects. 

SUMMARY 

[0007] In an embodiment, a method of non-invasively 
stimulating a neural netWork in a subject brain includes 
injecting the subject With a solution including nanoparticles 
formed from a multiferroic material and causing an altemat 
ing current magnetic ?eld directed toWard the subject to inter 
act With the nanoparticles to induce local electric charge 
oscillations in the nanoparticles. In some embodiments, the 
solution is an aqueous solution and, in embodiments, the 
nanoparticles are magneto-electric nanoparticles. The solu 
tion has a concentration of 3><106 nanoparticles per cubic 
centimeter, in some embodiments. The magnetic ?eld may be 
directed at a speci?c region of the subject brain and, in 
embodiments, the frequency of the magnetic ?eld may be 
selected according to a frequency associated With electric 
signals in the speci?c region of the subject brain. In an 
embodiment, the frequency is 80 HZ. The nanoparticles are 
less than 50 nm in siZe, in embodiments, and are 20 nm in siZe 
in some embodiments. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0008] FIG. 1A illustrates typical electric pulse sequences 
triggered in the thalamic area of the brain of a healthy person; 
[0009] FIG. 1B illustrates typical electric pulse sequences 
triggered in the subthalamic nucleus of the brain of a healthy 
person; 
[0010] FIG. 1C illustrates typical electric pulse sequences 
triggered in the globus pallidus of the brain of a healthy 
person; 
[0011] FIG. 1D illustrates typical electric pulse sequences 
triggered in the medial globus pallidus of the brain of a 
healthy person; 
[0012] FIG. 2A illustrates typical electric pulse sequences 
triggered in the thalamic area of the brain of a person suffer 
ing from Parkinson’s Disease; 
[0013] FIG. 2B illustrates typical electric pulse sequences 
triggered in the subthalamic nucleus of the brain of a person 
suffering from Parkinson’s Disease; 
[0014] FIG. 2C illustrates typical electric pulse sequences 
triggered in the globus pallidus of the brain of a person suf 
fering from Parkinson’s Disease; 
[0015] FIG. 2D illustrates typical electric pulse sequences 
triggered in the medial globus pallidus of the brain of a person 
suffering from Parkinson’s Disease; 
[0016] FIG. 3 illustrates the use of an electro-magnetic coil 
to cause nanoparticles to generate electric ?elds in a subject 
brain according to the present description; 
[0017] FIG. 4A illustrates modi?ed electric pulse 
sequences triggered in the thalamic area of the brain of a 
person suffering from Parkinson’ s Disease When treated With 
the present method; 
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[0018] FIG. 4B illustrates modi?ed electric pulse 
sequences triggered in the subthalamic nucleus of the brain of 
a person suffering from Parkinson’s Disease When treated 
With the present method; 
[0019] FIG. 4C illustrates modi?ed electric pulse 
sequences triggered in the globus pallidus of the brain of a 
person suffering from Parkinson’ s Disease When treated With 
the present method; and 
[0020] FIG. 4D illustrates modi?ed electric pulse 
sequences triggered in the medial globus pallidus of the brain 
of a person suffering from Parkinson’s Disease When treated 
With the present method. 

DETAILED DESCRIPTION 

[0021] A method according to the present disclosure facili 
tates non-invasive stimulation and/ or monitoring of signaling 
pathWays in the brain using magneto-electric (ME) nanopar 
ticles. ME materials include a sub-group of multiferroic 
materials having the ability to couple magnetic and electric 
?elds at room temperature. In contrast With electric ?elds, 
Which are surface-limited and typically generated by invasive 
contact electrodes, magnetic ?elds generated by ME nano 
particles can penetrate the entire brain non-invasively and be 
controlled using external loW-energy magnetic ?eld sources. 
[0022] FIGS. 1A-1D illustrate typical electric pulse 
sequences triggered in four regions of the brain of a healthy 
person, under normal conditions. FIG. 1A represents the elec 
tric pulse sequences generated in the thalamic area. FIG. 1B 
represents the electric pulse sequences generated in the sub 
thalamic nucleus (STN). FIG. 1C represents the electric pulse 
sequences generated in the globus pallidus (GPe). FIG. 1D 
represents the electric pulse sequences generated in the 
medial globus pallidus (GPi). The four areas of the brain 
represented in the FIGS. 1A-1D are especially important for 
understanding different stages of Parkinson’s Disease. In a 
healthy brain, such as that represented by the pulse sequences 
in FIGS. 1A-1D, the electric pulses are both periodic and 
uniform in amplitude, and do not display detectable lapses. 
[0023] By contrast, FIGS. 2A-2D illustrate typical electric 
pulse sequences triggered in the same four regions of the 
brain of a person suffering from Parkinson’s Disease. In 
FIGS. 2A-2D, the amplitude and periodicity of each pulse 
train, relative to those of the corresponding regions in FIGS. 
1A-1D, is more or less the same. HoWever, each pulse train 
represented in FIGS. 2A-2D exhibits pronounced lapses 100 
in the periodic sequences. The effect is particularly noticeable 
in the thalamic region (FIG. 2A). 
[0024] The methods described herein rely on the presence 
of ME nanoparticles in the brain. The ME nanoparticles 
facilitate ef?cient coupling betWeen magnetic and electric 
?elds at nanoscale (or microscale) over the entire brain vol 
ume. Once ME nanoparticles are present in the brain, 
remotely controlled magnetic ?elds (as opposed to electric 
?elds) may be used to induce strong local electric charge 
oscillations in the ME nanoparticles that, consequently, 
directly interact With the neural netWork. The interaction 
betWeen the ME nanoparticles and the neural netWork can be 
used to induce localiZed and targeted brain stimulation. The 
magnetic ?elds generated by the ME nanoparticles can effec 
tively penetrate the entire brain (if ME nanoparticles are 
present throughout the brain) non-invasively. The magnetic 
?elds generated by the ME nanoparticles can be activated and 
deactivated remotely using external loW-energy magnetic 
?eld sources such as external electromagnetic coils. 
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[0025] The ME nanoparticles must be manufactured With 
certain properties for the ME nanoparticles to be effective for 
use in monitoring or stimulating the neural netWork of the 
brain. For example, the ME nanoparticles be small enough to 
penetrate the blood-brain barrier. In embodiments, the ME 
nanoparticles are smaller than approximately 50 nm, smaller 
than 40 nm, smaller than 35 nm, smaller than 30nm, smaller 
than 25 nm, smaller than 20 nm, smaller than 15 nm, or 
smaller than 10 nm. In embodiments, the ME nanoparticles 
have siZes in a range of 15-20 nm, in a range of 10-20 nm, in 
a range of 15-25 nm, in a range of 10-50 nm, in a range of 
20-50 nm, in a range of20-40 nm, or in a range of 10-30 nm. 
In any event, ME nanoparticles small enough to penetrate the 
blood-brain barrier are able to move into selected brain 
regions and, accordingly, to effect stimulation or monitoring 
of said brain regions. 
[0026] ME nanoparticles may be fabricated by chemical or 
physical methods, including, but not limited to, thermal 
decomposition, co-precipitation, and Ion Beam Proximity 
Lithography (IBPL). In IBPL, for example, a broad beam of 
energetic (e.g., 20-50 keV) Helium ions illuminates a stencil 
mask (a thin membrane With etched WindoWs) and the beam 
lets of transmitted atoms Write an array of nanoapertures into 
resist on a substrate to transfer the mask pattern to the resist. 
Electrostatic ?eld de?ection is used to replicate a sparse sten 
cil mask into a high-density pattern of nanodots. The mas 
sively parallel nature of IBPL results in practical throughputs 
necessary for fabricating large yields of nanoparticles. 
[0027] Stencil masks With 100x100 cm2 array of 20 nm 
diameter circular openings With a 5 pm pitch can be fabricated 
using e-beam lithography. The array of sub-10 nm openings 
can be used to “Write” high-density patterns of nanoparticles 
to achieve a sub-l0 nm lineWidth, a 100 nm stencil mask can 
be coated With a 40 nm scatter layer (e.g., gold) to effectively 
reduce the siZe of the stencil openings. Initially collimated 
atoms impinging on a scatter layer are de?ected and trapped 
Within a 0.7 pm thick stencil channel. 

[0028] In embodiments, the ME nanoparticles are sus 
pended in an aqueous solution and injected into the blood 
stream of the patient. Because the ME nanoparticles are small 
enough to penetrate the blood-brain barrier, the ME nanopar 
ticles are able to move from the blood into the neural tissue of 
the brain, Whereby the ME nanoparticles may be “activated” 
by an external magnetic ?eld. In embodiments, only a very 
loW intensity external magnetic ?eld is required to stimulate 
brain activity at any depth in the brain. The external magnetic 
?eld generated, for example, by an electromagnetic coil, can 
be focused to act upon ME nanoparticles in any particular 
region of the brain, in a manner illustrated generally in FIG. 3. 
The external magnetic ?eld generates alternating current 
(AC) signals in ME nanoparticles that are correlated With the 
frequency spectrum of the neural charge activity, Which in 
turn causes neurons in the region to ?re at similar frequencies. 
For example, provided that the ME nanoparticles have an 
adequately large magneto-electric coupling coef?cient, loW 
energy magnetic coils can be used to trigger the desired 
stimulation, as described further beloW. In an embodiment, 
the ME nanoparticles have a magneto-electric coupling coef 
?cient of 100 V cm'1 Oe_l. 
[0029] The concentration of the solution of ME nanopar 
ticles, and the amplitude and frequency of the external AC 
magnetic ?eld source, can be varied, in embodiments, to 
optimally stimulate the neural netWork. In an embodiment, an 
external AC magnetic ?eld source generates a ?eld With an 
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amplitude of 300 oersted (Oe), and a frequency variable 
between 0 and 1 kHZ. Generally, the ?eld amplitude should be 
suf?cient to saturate the ME nanoparticles during the stimu 
lation procedure, and the ?eld frequency is selected according 
to the pulse frequency desired to be generated in the targeted 
region. In an embodiment, the frequency of the AC magnetic 
?eld is 80 HZ. 

[0030] An aqueous solution of ME nanoparticles has a con 
centration of betWeen 0 and 107 particles per cubic centime 
ter, in embodiments and, in an embodiment, has a concentra 
tion of approximately 3><106 particles per cubic centimeter. 
[0031] FIGS. 4A-4D represent electric pulse sequences 
triggered in the four regions of the brain under study of a 
patient suffering from Parkinson’s Disease after treatment 
With the ME nanoparticles using a solution having a concen 
tration of 3><106 particles per cubic centimeter, and a stimu 
lation frequency of 80 HZ (approximately the same frequency 
as the electric pulse train in the thalamic region of a healthy 
person (see FIG. 1A). The representation of FIG. 4A illus 
trates that the mo st dramatically damaged signals in the Tha 
lamic region are fully recovered, and partial recovery of the 
periodicity of other brain regions (FIGS. 4B-4D) is also 
apparent. 
[0032] Throughout this speci?cation, plural instances may 
implement components, operations, or structures described 
as a single instance. Although individual operations of one or 
more methods are illustrated and described as separate opera 
tions, one or more of the individual operations may be per 
formed concurrently and, unless speci?cally described or 
otherWise logically required (e.g., a structure must be created 
before it can be used), nothing requires that the operations be 
performed in the order illustrated. Structures and functional 
ity presented as separate components in example con?gura 
tions may be implemented as a combined structure or com 
ponent. Similarly, structures and functionality presented as a 
single component may be implemented as separate compo 
nents. These and other variations, modi?cations, additions, 
and improvements fall Within the scope of the subject matter 
herein. 

[0033] As used herein any reference to “one embodiment” 
or “ an embodiment” means that a particular element, feature, 
structure, or characteristic described in connection With the 
embodiment is included in at least one embodiment. The 
appearances of the phrase “in one embodiment” in various 
places in the speci?cation are not necessarily all referring to 
the same embodiment. 

[0034] As used herein, the terms “comprises, compris 
ing,” “includes,” “including,” “has,” “having” or any other 
variation thereof, are intended to cover a non-exclusive inclu 

sion. For example, a process, method, article, or apparatus 
that comprises a list of elements is not necessarily limited to 
only those elements but may include other elements not 
expressly listed or inherent to such process, method, article, 
or apparatus. Further, unless expressly stated to the contrary, 
“or” refers to an inclusive or and not to an exclusive or. For 
example, a condition A or B is satis?ed by any one of the 
folloWing: A is true (or present) and B is false (or not present), 
A is false (or not present) and B is true (or present), and both 
A and B are true (or present). 

[0035] In addition, use of the “a” or “an” are employed to 
describe elements and components of the embodiments 
herein. This is done merely for convenience and to give a 
general sense of the description. This description should be 
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read to include one or at least one and the singular also 
includes the plural unless it is obvious that it is meant other 
Wise. 
[0036] Upon reading this disclosure, those of skill in the art 
Will appreciate still additional alternative structural and func 
tional designs for a system and a process for identifying 
terminal road segments through the disclosed principles 
herein. Thus, While particular embodiments and applications 
have been illustrated and described, it is to be understood that 
the disclosed embodiments are not limited to the precise 
construction and components disclosed herein. Various modi 
?cations, changes and variations, Which Will be apparent to 
those skilled in the art, may be made in the arrangement, 
operation and details of the method and apparatus disclosed 
herein Without departing from the spirit and scope de?ned in 
the appended claims. 
We claim: 
1 . A method of non-invasively stimulating a neural netWork 

in a subject brain, the method comprising: 
injecting the subject With a solution including nanopar 

ticles formed from a multiferroic material; and 
causing an alternating current magnetic ?eld directed 

toWard the subject to interact With the nanoparticles to 
induce local electric charge oscillations in the nanopar 
ticles. 

2. A method according to claim 1, Wherein injecting the 
subject With a solution comprises injecting the subject With an 
aqueous solution. 

3. A method according to claim 1, Wherein injecting the 
subject With a solution including nanoparticles formed from a 
multiferroic material comprises injecting the subject With a 
solution including magneto-electric nanoparticles. 

4. A method according to claim 1, Wherein injecting the 
subject With a solution including nanoparticles comprises 
injecting the subject With a solution having a concentration of 
nanoparticles of 3><106 nanoparticles per cubic centimeter. 

5. A method according to claim 1, Wherein causing an 
alternating current magnetic ?eld directed toWard the subject 
to interact With the nanoparticles comprises generating a 
magnetic ?eld With an electromagnetic coil. 

6. A method according to claim 1, Wherein causing an 
alternating current magnetic ?eld directed toWard the subject 
to interact With the nanoparticles comprises focusing the 
magnetic ?eld on a speci?c region of the subject brain. 

7. A method according to claim 6, Wherein focusing the 
magnetic ?eld on a speci?c region of the subject brain com 
prises focusing the magnetic ?eld on (a) the thalamic area; (b) 
the subthalamic nucleus; (c) the globus pallidus; or (d) the 
medial globus pallidus. 

8. A method according to claim 7, Wherein causing an 
alternating current magnetic ?eld directed toWard the subject 
to interact With the nanoparticles, further comprises selecting 
a frequency of the alternating current magnetic ?eld accord 
ing to a frequency associated With electric signals in the 
speci?c region of the subject brain. 

9. A method according to claim 1, Wherein causing an 
alternating current magnetic ?eld directed toWard the subject 
to interact With the nanoparticles comprises selecting a fre 
quency of the alternating current magnetic ?eld according to 
a frequency associated With electric signals in a speci?c 
region of the subject brain. 

10. A method according to claim 1, Wherein causing an 
alternating current magnetic ?eld directed toWard the subject 
to interact With the nanoparticles comprises causing an alter 
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nating current magnetic ?eld having an amplitude of 300 Oe 
to interact With the nanoparticles. 

11. A method according to claim 1, Wherein injecting the 
subject With a solution including nanoparticles comprises 
injecting the subject With a solution including nanoparticles 
having a magneto-electric coef?cient of 100 V cm-1 Oe_l. 

12. A method according to claim 1, Wherein injecting the 
subject With a solution including nanoparticles comprises 
injecting the subject With a solution including nanoparticles 
of 20 nm in siZe. 

13. A method according to claim 1, Wherein injecting the 
subject With a solution including nanoparticles comprises 
injecting the subject With a solution including nanoparticles 
less than 50 nm in siZe. 

14. A method according to claim 1, Wherein injecting the 
subject With a solution including nanoparticles comprises 
injecting the subject With a solution including nanoparticles 
formed by Ion Beam Proximity Lithography. 

15. A method according to claim 1, Wherein injecting the 
subject With a solution including nanoparticles comprises 
injecting the subject With a solution including nanoparticles 
comprises injecting a subject having Parkinson’s Disease 
With a solution including nanoparticles. 

16. A method according to claim 1, Wherein causing an 
alternating current magnetic ?eld directed toWard the subject 
to interact With the nanoparticles comprises causing an alter 
nating current magnetic ?eld having a frequency of 80 HZ to 
interact With the nanoparticles. 

* * * * * 
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