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(57) ABSTRACT 

Systems and methods generally useful in medicine, cellular 
biology, nanotechnology, and cell culturing are discussed. In 
particular, at least in some embodiments, systems and meth
ods for magnetic guidance and patterning of cells and 
materials are discussed. Some specific applications of these 
systems and methods may include levitated culturing of cells 
away from a surface, making and manipulating patterns of 
levitated cells, and patterning culturing of cells on a surface. 
Specifically, a method of culturing cells is presented. The 
method may comprise providing a plurality of cells, provid
ing a magnetic field, and levitating at least some of the 
plurality of cells in the magnetic field, wherein the plurality 
of cells comprise magnetic nanoparticles. The method may 
also comprise maintaining the levitation for a time sufficient 
to permit cell growth to form an assembly. 
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SYSTEMS AND METHODS FOR MAGNETIC 
GUIDANCE AND PATTERNING OF 

MATERIALS 

2 
cell-cell interactions, cell-specific signaling, and/or experi
mental control variables, rather than the properties of the 
artificial culturing medium. Often, it is desirable to grow 
cells that resemble in substantially every way cells grown in 

FEDERALLY SPONSORED RESEARCH 
STATEMENT 

5 living organisms, including gene expression, functional 
characteristics of differentiated cells, and the formation of an 
extracellular matrix. Cost and scalability of production are 
also critical considerations as far as the application potential This invention was made with government support under 

NSF Grant No. DGE-0237081 and Army Medical Research 
and Material Command Grant No. W81XWH-06-l-0775. 10 

The government has certain rights in the invention. 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

of such technologies. 
Furthermore, as the use of nano-sized materials and 

cultured cells continue to develop, it is increasingly difficult 
to develop systems for safely manipulating and handling 
these entities. For example, regulatory agencies and good 
laboratory practices often attempt to minimize the amount of 

This application is a divisional of U.S. application Ser. 
No. 13/070,873, filed Mar. 24, 2011, which is a continuation 
of International Application PCT/US2009/58473, filed Sep. 
25, 2009, which claims benefit of U.S. Provisional Patent 
Application Ser. No. 61/099,966, filed Sep. 25, 2008, all of 
which are incorporated by reference. 

15 exposure of materials to external objects, so as to minimize 
contamination. Aside from such practices, the integrity of 
such materials may be compromised by such an exposure. 
Thus, devices which can manipulate nano-sized materials 
and cells and tissue without exposure to external objects 

20 may be desirable. 

BACKGROUND 

The present disclosure relates generally to systems and 25 

methods useful in medicine, cellular biology, nanotechnol
ogy, and cell culturing. In particular, at least in some 
embodiments, the present disclosure relates to systems and 
methods for magnetic guidance and patterning of cells and 
materials. Some specific applications of these systems and 30 

methods are levitated culturing of cells away from a surface, 
making and manipulating patterns of levitated cells, and 
patterning culturing of cells on a surface. 

As interest in nanotechnology, materials, and cellular 
biology has grown, it has become evident that a limitation is 35 

the ability to control and manipulate the pattern of cells and 
materials which are useful for cellular biology and medicine 
(such as cell culturing, tissue engineering, stem cell 
research, drug and nanoparticle delivery, bio-sensors, and 
gene delivery), molecular and bioelectronics, and the con- 40 

struction of complex materials. 
During development of living organisms, structure and 

order in the form of patterns naturally emerge through 
mechanisms that are still not fully understood. If one wants 
to study or replicate living tissue in an artificial environment, 45 

it is critical to be able to reproduce natural patterns. The 
ability to engineer and manually control the patterns of 
living cells, especially in three-dimensions and on surfaces, 
will enable many bioengineering and medical applications. 

Cell culturing is an essential tool in many areas of 50 

biotechnology, such as stem cell research, tissue engineer
ing, and drug discovery. Traditional cell culturing in Petri 
dishes produces two-dimensional (2D) cell growth with 
gene expression, signaling, and morphology that can differ 
from conditions in living organisms, and thus compromise 55 

clinical relevancy. Certain limitations of traditional cell 
culturing in recapitulating the attributes of tissues in living 
organisms may result from their 2D nature. While rotating 
bioreactors or protein-based gel environments have been 
developed in attempts to allow three-dimensional (3D) cell 60 

culturing, broad application of such methods has been 
severely hampered by high-cost or complexity. Thus, a 
platform technology to enable 3D cell culturing is still an 
unmet need. 

The features and advantages of the present disclosure will 
be readily apparent to those skilled in the art upon a reading 
of the description of the embodiments that follows. 

SUMMARY 

The present disclosure relates generally to systems and 
methods useful in medicine, cellular biology, nanotechnol
ogy, and cell culturing. In particular, at least in some 
embodiments, the present disclosure relates to systems and 
methods for magnetic guidance and patterning of cells and 
materials. Some specific applications of these systems and 
methods are levitated culturing of cells away from a surface, 
making and manipulating patterns of levitated cells, and 
patterning culturing of cells on a surface. 

The present disclosure provides, in certain embodiments, 
a method for levitating a plurality of cells. The method may 
comprise providing a magnetic field. The method may also 
comprise levitating at least some of the plurality of cells in 
the magnetic field, wherein the plurality of cells comprise 
magnetic nanoparticles. 

The present disclosure also provides, in some embodi-
ments, a method of culturing cells. The method may com
prise providing a plurality of cells. The method may also 
comprise providing a magnetic field. The method may also 
comprise levitating at least some of the plurality of cells in 
the magnetic field, wherein the plurality of cells comprise 
magnetic nanoparticles. The method may also comprise 
maintaining the levitation for a time sufficient to permit cell 
growth to form an assembly. 

The present disclosure also provides, in other embodi
ments, a method of manipulating cells. The method may 
comprise providing a first plurality of cells. The method may 
also comprise providing a magnetic field. The method may 
also comprise levitating at least some of the first plurality of 
cells in the magnetic field, wherein the first plurality of cells 
comprise magnetic nanoparticles. The method may also 
comprise varying the magnetic field over time to manipulate 
at least a first portion of the first plurality of cells. 

The present disclosure also provides, in particular 
embodiments, a method of preparing nanoparticles. The 
method may comprise providing a hydrogel comprising 
magnetic nanoparticles. The method may also comprise 
providing a magnetic field. The method may also comprise 

In many cases, an ideal cell culturing environment is one 
that promotes fast and robust growth of healthy cells, in 
which the cell morphology and function are dominated by 

65 subjecting the hydrogel to the magnetic field. 
The present disclosure also provides, in yet other embodi

ments, a system for levitating a plurality of cells. The system 
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may comprise a magnetic field. The system may also com
prise the plurality of cells, wherein the plurality of cells are 
disposed in the magnetic field, and the plurality of cells 
comprise magnetic nanoparticles. 

The features and advantages of the present disclosure will 5 

be apparent to those skilled in the art. While numerous 
changes may be made by those skilled in the art, such 
changes are within the spirit of the disclosure. 

DRAWINGS 

Some specific example embodiments of the disclosure 
may be understood by referring, in part, to the following 
description and the accompanying drawings. 

10 

4 
13B. FIG. 13C illustrates brightfield and fluorescence pho
tomicrograph of human glioblastoma cells (green; GFP
expressing cells) and normal human astrocytes (red; 
mCherry-labeled) cultured separately and then magnetically 
guided together (time=0). FIG. 13D illustrates confrontation 
between human glioblastoma cells and normal astrocytes in 
FIG. 13C. 

FIG. 14 illustrates an example of cell patterning on a 
surface, according to some embodiments of the disclosure. 

FIG. 15 illustrates an example of cell patterning on a 
surface, according to one embodiment of the disclosure. 

FIG. 16 illustrates sample lithographic patterns for mak
ing surface patterns of cells, according to embodiments of 
the disclosure. 

FIG. 17 illustrates sample magnetic force calculations, 
applicable to some embodiments of the disclosure. 

FIG. 18 illustrates prototype microdevice construction for 
lithographically patterned wires, according to embodiments 
of the disclosure. 

FIG. 19 illustrates a microscope set up and microchip 
device useful in some embodiments of the disclosure. 

FIGS. lA-C illustrate an example Au-MIO-phage hydro- 15 

gel, according to certain embodiments of the disclosure. 
FIG. lA is a vial of a MIO-containing hydrogel (indicated by 
arrow) in water. FIG. 1B displays a scheme of electrostatic 
interaction of nanoparticles (spheres) with phage ( elongated 
structures). FIG. lC illustrates an exemplary MRI image 20 

(T2-weighted) of purified hydrogel in solution, MIO-con
taining hydrogel (top panel), average T2*=76 ms and MIO
free hydrogel control (bottom panel), average T2*=253 ms. 

FIGS. 20A-B illustrate manipulation and surface pattern
ing of neural stem cells with patterning microdevice, accord
ing to embodiments of the disclosure. FIG. 20A illustrates 

25 no current being applied. FIG. 20B illustrates cell assem
blies displaced towards the Au wire pattern when a 4 A 
current is applied. 

FIG. 2 illustrates magnetic displacement of Au-MIO
phage, according to some embodiments of the disclosure. 

FIGS. 3A-D illustrates magnetic-based levitated cell cul
turing with initial cell attachment, according to some 
embodiments of the disclosure, during incubation (FIG. 3A), 
after being washed (FIG. 3B), in a petri dish under a magnet 
(FIG. 3C) and cells forming multicellular structures (FIG. 30 

3D). 
FIG. 4A-C illustrates magnetic-based levitated cell cul

turing in the absence of cell attachment, according to certain 
embodiments of the disclosure. FIG. 4A shows an Au-MIO-
phage incubated with suspended cells for 15 min. FIG. 4B 35 

shows phase contrast (left) and fluorescence photomicro
graphs (right) of levitated mCherry-expressing normal 
human astrocytes. FIG. 4C shows a magnified image of a 
spheroid. 

FIG. 5 illustrates a magnetically levitated assembly, 40 

according to some embodiments of the disclosure. 
FIG. 6 illustrates magnetically levitated differentiated 

murine neural stem cells (NSC), according to embodiments 
of the disclosure. 

FIG. 7 illustrates magnetically levitated human astro- 45 

cytes, according to certain embodiments of the disclosure. 
FIG. 8 illustrates magnetically levitated glioblastoma 

assemblies, according to certain embodiments of the disclo-
sure. 

FIG. 9 illustrates magnetically levitated melanoma cells, 50 

according to certain embodiments of the disclosure. 

FIGS. 21A-B illustrate manipulation and patterning of 
Au-MIO-phage material without cells, according to embodi
ments of the disclosure. Both FIGS. 21A and 21B illustrate 
the sequences of no current being applied in the first frame, 
and the current ramped up to 4.0 A over an interval of 45 s. 

FIG. 22 illustrates a Au-MIO-phage gradient, according to 
embodiments of the disclosure. 

FIG. 23 illustrates receptor-targeted cell patterning using 
magnetic field patterning of hydrogels, according to some 
embodiments of the disclosure. 

FIG. 24 illustrates magnetic-guided gene transduction 
using Au-MIO-AAVP, according to embodiments of the 
disclosure. 

While the present disclosure is susceptible to various 
modifications and alternative forms, specific example 
embodiments have been shown in the Figures and are herein 
described in more detail. It should be understood, however, 
that the description of specific example embodiments is not 
intended to limit the invention to the particular forms 
disclosed, but on the contrary, this disclosure is to cover all 
modifications and equivalents as illustrated, in part, by the 
appended claims. 

DESCRIPTION 
FIG. 10 illustrates transmission electron microscope 

(TEM) images of human glioblastoma cells grown with 
magnetic levitation, according to embodiments of the dis
closure. 

"Pattern," as used herein, refers to a pre-defined shape, 
position, location, and/or orientation, in either two or three 

55 dimensions. 
FIG. 11 illustrates a scanning electron microscope (SEM) 

images showing levitated culturing from 3D structures, 
according to embodiments of the disclosure. 

FIGS. 12A-C illustrate a comparison of assemblies of 
cells (FIG. 12A) created with magnetic levitation with a 2D 60 

assembly (FIG. 12B) and a mouse xenograft (FIG. 12C), 
according to certain embodiments of the disclosure. 

FIGS. 13A-D illustrate manipulation of cells during cell 
culturing, including control of shape and position, co-cul
turing, and confrontation assay, according to embodiments 65 

of the disclosure. FIG. 13A illustrates calculated magnetic 
field patterns of ring magnets used for 3-D cell assembly in 

"Manipulate," as used herein, refers to varying a pattern 
over time. 

"Nanoparticles," as used herein, refers to particles with 
size ranges generally from about 0.1 nm to about 100 
microns; in some embodiments, nanoparticles may have size 
ranges from about 5 to about 200 nm. 

"Assembly," as used herein, refers to a grouping of one or 
more cells and any extracellular matrix or other substance 
which has tendency to remain in close proximity to the 
grouping. 

"Magnetic nanoparticles," as used herein, refers to nano
particles in which the saturation magnetization is at least 
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about 0.001 emu/gram; in some embodiments, the saturation 
magnetization may be between about 10 to 200 emu/gram. 

6 
some embodiments, the inventive systems may be portable, 
relatively inexpensive, and easy to manufacture. Some 
embodiments of the disclosure may be coupled with many 
different modalities of optical microscopy and force micros-

"Hydrogel," as used herein, refers to a material formed by 
incorporating any kind of bacteriophage (also referred to as 
a "phage") with nanoparticles. Different varieties of hydro
gels may be indicated with different levels of specificity. 
Au-phage may be the most general form, referring to any 
kind of phage and any combination of nanoparticles, at least 
one kind of which is Au. Au-X-phage specifies that the 
nanoparticle described by X is also present. Specific phage 
varieties may also be specified. 

5 copy. 
The systems and methods of the present disclosure pro

vide a number of other advantages over traditional systems 
and methods. For example, in certain embodiments, the 
systems and methods of the present disclosure may allow for 

10 the fabrication of a material without direct contact of exter-
nal objects with the material. Such a contact-free fabrication 
may be accomplished, in part, by the use of magnetic fields 
and materials which respond to such magnetic fields. Fur
thermore, the systems and methods of the present disclosure, 

"Au-MIO-phage," as used herein, refers to a material 
formed by incorporating any kind of bacteriophage with 
nanoparticles, at least one kind of which is Au and one kind 
of which is magnetic. 

"Cell culturing," as used herein, generally refers to grow
ing cells in a controlled environment. In many instances, the 
controlled environment is an artificial, laboratory environ
ment, sometimes referred to as an in vitro environment. 

15 in certain embodiments, may allow for precise control of the 
mechanical forces placed upon a material during fabrication. 
Such control may be advantageous, for example, when the 
material comprises one or more cells which are sensitive to 

As used herein, the term "altered in response to the 20 

magnetic field" and its derivatives includes any response of 
the systems of the present disclosure to the magnetic field, 
including, but not limited to, changes in shape, size, posi
tion, chemical environment, orientation of molecules and/or 
cells, as well as cellular events (in embodiments of the 25 

systems and methods of the present disclosure in which the 
systems and methods comprise one or more cells) such as, 
but not limited to, gene expression, signal transduction, 
changes in shape, position, orientation, and/or local chemi-
cal environment of the cells. Other responses of the systems 30 

of the present disclosure to magnetic fields may be recog
nized by one of ordinary skill in the art. Such responses are 
considered to be within the spirit of the present disclosure. 

If there is any conflict in the usages of a word or term in 
this specification and one or more patent or other documents 35 

that may be incorporated herein by reference, the definitions 
that are consistent with this specification should be adopted 
for the purposes of understanding this disclosure. 

The present disclosure relates generally to systems and 
methods useful in medicine, cellular biology, nanotechnol- 40 

ogy, and cell culturing. In particular, at least in some 
embodiments, the present disclosure relates to systems and 
methods for magnetic guidance and patterning of cells and 
materials. Some specific applications of these systems and 
methods are levitated culturing of cells away from a surface, 45 

making and manipulating patterns of levitated cells, and 
patterning culturing of cells on a surface. 

The present disclosure generally combines magnetic 
fields and magnetic nanoparticles to provide a virtual plat
form or scaffold for controlling the pattern of cells and/or 50 

shape of assemblies of cells cultured in an artificial envi
ronment. In some embodiments, the present disclosure may 
also allow manipulation of cells, patterning of cells, and/or 
shaping of assemblies via variations in a magnetic field. In 
some embodiments, the methods of the present disclosure 55 

may be applied to pattern magnetic materials themselves to 
enable many useful applications pertaining to medicine, 
cellular biology, nanotechnology, and cell culturing. One of 
the many potential advantages of the devices and methods of 
the present disclosure, only some of which are herein 60 

disclosed, is that embodiments of the disclosure may allow 
cells and materials to be manipulated and patterned with 
great flexibility. In some embodiments, this may be done 
externally (without direct contact with solution being 
manipulated), which has compelling value for manipulating 65 

biological and molecular systems whose integrity can be 
easily compromised by contamination or handling. 18

-
24 In 

such mechanical forces, i.e. mechanosensitive cells. Such 
cells include, but are not limited to, stem cells. Additionally, 
in certain embodiments, the systems and methods of the 
present disclosure may allow for precise manipulation of the 
magnetic fields used in the systems and methods of the 
present disclosure, such as the ability to generate or remove 
such a magnetic field, increase or decrease the strength of 
such a magnetic field, or modulate such a magnetic field. 

Embodiments of the present disclosure advantageously 
may provide 3D cell growth with flexible, scaffoldless 
("virtual scaffold") manipulation of assembly and/or tissue 
shape in real time. Certain embodiments may remove the 
perturbing influence of a surface, core particle, or matrix, 
and rapidly concentrate cells to promote cell-cell interac
tions. Such embodiments may not require specific media or 
temperature control and/or processing before usage, and 
such may be compatible with standard culturing and diag
nostic techniques. 

Cells may be cultured, according to embodiments of the 
disclosure, with multiple cell types. Cells may be brought 
into proximity in a controlled manner to facilitate cell 
signaling and other cell-to-cell interactions, which may be 
physical or chemical, which may affect the properties or 
behaviors of the cells. One example of this would be a 
co-culture confrontation assay with in situ monitoring. Mag
netic levitation may not require specific media, engineered 
scaffolds, molded gels, and/or bio-reactors. Embodiments of 
the disclosure may provide simple, flexible, and effective 
methods which may be suitable for a range of applications 
in biotechnology, drug discovery, stem cell research, or 
regenerative medicine. 

Magnetic levitation, according to embodiments of the 
disclosure, may provide methods for 3D cell culturing with 
great potential for research and application. It may have 
significant advantages over traditional 2D growth methods 
and currently available 3D culturing methodologies. Rela
tive to 2D culturing, cells may grow more rapidly without 
the need for cell passages, which is important for growing 
sensitive cells where time is a critical obstacle. In contrast to 
established 3D growth methods, magnetic levitation may not 
require specific media, or the fabrication of specially 
designed materials, engineered scaffolds, molded gels, and/ 
or bio-reactors. It also may offer spatial and temporal control 
of assembly shape, more rapid and controllable onset of 
cell-cell interactions, easier integration with imaging diag
nostics, improved growth speed, and scalability. 

Embodiments of the disclosure may address existing 
challenges for development of many cell-based applications. 
Some embodiments may provide novel methods for tissue 
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assays. Some embodiments may prove valuable in high
throughput drug discovery due to the fast growth rate, 
available level of control, enhancement of cell-cell interac
tions, and compatibility with imaging techniques. The meth
ods according to some embodiments may avoid surface 
contact with the cells. Such methods may hold promise for 
use in stem cell research, because the contact with polymeric 

8 
be DNA or RNA. In certain embodiments, the phage may be 
a filamentous phage, such as, but not limited to, fd, fl, or 
M13 bacteriophage. In certain embodiments, the phage is a 
fd bacteriophage. Examples of suitable phage, as well as 

5 compositions comprising phage and nanoparticles and meth
ods of forming such compositions, are described in Inter
national Patent Application Publication No. WO2006/ 
060171, 13 the entire disclosure of which is hereby or glass surfaces, often used in 2D cell culturing, may alter 

the biology of stem cells. The ability to spatially and 
temporally pattern multicellular assemblies may provide 10 

benefits for tissue engineering. From a practical standpoint, 
techniques according to some embodiments may be fast, 
easy, inexpensive, and require very little modification from 
standard cell culturing procedures. 

incorporated by reference. 
In certain embodiments, the systems of the present dis-

closure may further comprise a targeting moiety, such as, but 
not limited to, a peptide or protein displayed on the bacte
riophage or operatively coupled to the bacteriophage. The 
targeting moiety may be operably coupled (which includes 

Au-MIO-phage material may be patterned without or 
before introducing cells, according to some embodiments of 
the disclosure. Patterning of phage hydro gel may be useful, 
inter alia, because the phage may have many properties, 
such as a the ability to serve as scaffold for cell-growth, 
storage for cell nutrients, and vector for nanoparticle, DNA, 
or RNA delivery that can be cell-specific. 

For certain embodiments of the disclosure involving cells, 
the cells may contain magnetic nanoparticles, have magnetic 
nanoparticles affixed to them, or have magnetic nanopar
ticles embedded in the assembly of cells. Any method for 
disposing magnetic nanoparticles inside or on cells or within 
an assembly is within the scope of this disclosure. In certain 
embodiments, hydrogels may be used to attach, infuse, and 
entrain magnetic particles into and onto the cells and assem
blies.13 For example, hydrogels may be used to introduce 
magnetic nanoparticles into cells, and, as the cells grow over 
time, the magnetic nanoparticles may be expelled from the 
cells and entrapped in the extracellular matrix of the assem
bly. Suitable hydrogels may be composed of nanoparticles, 
such as gold (Au) and/or magnetic iron oxide (MIO, mag
netite, Fe3O4), with bacteriophage (Au-MIO-phage). Suit
able hydrogels should contain at least one magnetic nano
particle, whether it is superparamagnetic, paramagnetic, 
ferromagnetic, and/or ferrimagnetic. An example embodi
ment is illustrated in FIG. 1. Additionally, other embodi
ments of the disclosure provide other methods for making 
magnetic nanoparticles enter into cells, attach onto cells, or 
incorporate into an assembly of cells. Other ways known in 
the art include magnetic beads coated with a cell-targeting 
entity ( e.g., a cell or protein specific receptor), or liposomes 
containing magnetic nanoparticles, and magnetic fields 
applied to construct and deliver cell sheets in vitro.14-17 

Different methods may have different advantages, and a 
person of ordinary skill in the art with the benefit of this 
disclosure will know which method(s) is more advanta
geous. For example, liposomes may be capable of delivering 
large quantities of nanoparticles. Hydrogels and coated 
magnetic beads may be designed to target specific cells. For 
example, hydrogels made of bacteria phage and one or more 
kinds of nanoparticles may serve as a scaffold for cell 
growth, storage for cell nutrients, or vector for nanoparticle, 
DNA, or RNA delivery that can be cell-specific. Hydrogels 
made of bacteria phage and one or more kinds of nanopar
ticles may have the ability to attach nanoparticles onto cells 
and infuse nanoparticles into cells, which may be of great 
value to allow modification and control of cells on the 
chemical and mechanical level. 13 

The phage ( also referred to as bacteriophage) useful in the 
systems and methods of the present disclosure refers to any 
one of a number of viruses capable of infecting bacteria. 
Generally, a bacteriophage comprises an outer protein hull 
and an inner space comprising genetic material, which can 

15 being displayed on the surface of a bacteriophage) to a 
bacteriophage, a conductive assembly, or a bacteriophage 
assembly. In certain embodiments, the targeting moiety may 
be a peptide, and in specific embodiments, the peptide may 
be a cyclic peptide. Such cyclic peptides include, but are not 

20 limited to, cyclic peptides of the form CX7C, wherein C is 
cysteine and Xis a random amino acid. In certain embodi
ments, larger protein domains such as antibodies or single
chain antibodies can also be displayed on or operatively 
coupled to the phage, i.e., a targeting moiety69 . The assem-

25 bly may also comprise a targeting moiety operably coupled, 
in particular covalently coupled, to a component of the 
system, e.g., phage or nanoparticle. In certain embodiments, 
the targeting moiety is a peptide. Suitable targeting peptide 
targeting moieties are described in International Patent 

30 Application Publication No. WO2006/060171 13
, the rel

evant disclosure of which is incorporated by reference. In 
certain embodiments the targeting moiety is comprised in a 
pHI or p VIII protein of the bacteriophage. In certain 
embodiments, targeting moieties may be identified by 

35 screening peptides presented or included in the pIII and/or 
p VIII protein, in preferred embodiments the p VIII protein. 

The systems of the present disclosure may further com
prise an organizing agent that promotes organized packing 
of conductive nanoparticles. An organizing agent may 

40 include, but is not limited to, a peptide, a pyrrole, an 
imidazole, histidine, cysteine, or tryptophan. Furthermore, 
the systems of the present disclosure may comprise a 
therapeutic agent, such as a therapeutic molecule or nucleic 
acid. In certain embodiments, an organizing agent may 

45 induce aggregation, or couple two or more particles to form 
assemblies and is not limited to agents that induce an orderly 
arrangement of molecules, such as a lattice. In certain 
embodiments, the therapeutic agent is an organizing agent. 
In certain embodiments, the systems of the present disclo-

50 sure may be comprised in a pharmaceutically acceptable 
composition. Certain embodiments of the disclosure include 
systems which further comprise a cell comprising or opera
tively coupled to the bacteriophage. 

In some embodiments, an Au-MIO-phage may be 
55 assembled from Au, magnetite magnetic nanoparticles, and 

phage using a bottom-up, self-assembly method.39• 40 The 
color and microstructure may be seen with darkfield micros
copy, and may be qualitatively similar to previously reported 
observations of Au-phage assemblies (lacking MIO).40 Gen-

60 erally, the Au-MIO-phage system may emulate the behavior 
Au-phage hydrogels, which may be predominantly stabi
lized by electrostatic interactions,39· 40 as illustrated in FIG. 
1. Both the Au and MIO particles may acquire negative 
charge under the aqueous solution conditions (pH 6.0)39-41 

65 and may be attracted to the positively charged phage. The 
phage and MIO may not form a hydrogel without Au, 
however, suggesting that the MIO may be less effective at 



US 9,909,116 B2 
9 

establishing cross-linking between the phage. In some 
instances, the slightly smaller size of the MIO particles or 
the polydisperse size distribution may reduce the effective
ness at establishing a cross-linking MIO nanoparticles may 
be a common magnetic resonance imaging (MRI) contrast 
enhancer,25 as illustrated in FIG. 1, the T2*-weighted MR 
images of Au-MIO-phage and a control Au-phage hydrogel 
(MRI). 

The nanoparticles useful in the systems and methods of 
the present disclosure typically comprise one or more metal
lic conductive nanoparticles. Frequently, the metallic con
ductive nanoparticles will be capable of being magnetized, 
or magnetic. In certain embodiments, the metallic conduc
tive nanoparticle comprises Au, Ag, Pt, Ti, Al, Si, Ge, Cu, 
Cr, W, Fe, or a corresponding oxide. In particular embodi
ments, the conductive nanoparticle is an Au cluster, such as, 
but not limited to, an Au-magnetite cluster. In certain 
embodiments, the conductive nanoparticles may be from 
about 2 nm to about 100 µmin diameter. In certain embodi
ments, multiple nanoparticles may be embedded in other 
materials that may be conductive or non conductive. In 
certain embodiments, the nanoparticles may be coated with 
conductive or non conductive materials. An example of the 
systems of the present disclosure containing Au-magnetite 
cluster nanoparticles is shown in FIG. 1. 

In some embodiments, magnetic nanoparticles generally 
may be of any type of magnetic material. For example, 
suitable magnetic nanoparticles may be made of magnetite. 
In certain embodiments, the magnetite magnetic nanopar
ticles may have sizes below 30 nm, since magnetite particles 
may be superparamagnetic in that size range. In other 
embodiments, the magnetite magnetic nanoparticles may 
have larger sizes and may display remnant magnetization 
characteristic of bulk ferrimagnetism. Suitable magnetic 
nanoparticles may be of polydisperse particle size <50 nm, 
and may be stabilized with a surfactant of PVP (poly vinyl 
pyrrolidone ). Such suitable magnetic nanoparticles may be 
commercially available from Sigma-Aldrich. A partial list of 
examples of other options for suitable magnetic nanopar
ticles include pure iron, nickel, cobalt, CoFe2O4, and 
NdFeB. Suitable magnetic nanoparticles may be coated or 
uncoated. One of ordinary skill in the art with the benefit of 
this disclosure will know which material and coating option 
is best for any given particular situation. 

10 
list of examples of other suitable options includes pure iron, 
nickel, cobalt, CoFe2O4, and NdFeB. 

Microcarriers34 or core particles,35 which may contain 
magnetic material, have also been used to provide a surface 

5 for anchorage of dependent cells and allow the benefits of 
suspension culturing. Microcarriers, also referred to as core 
particles, beads, cell culture beads, microbeads, or micro
microcarriers, are solid particles, typically larger than nano
size, that may support the anchoring and growth of living 

10 cells.34· 35 In some implementations, the microcarriers are 
larger than the cells. The magnetized particles are preferably 
coated with a cellular adhesive material, such as collagen, to 
facilitate cellular adherence.35 Cells typically proliferate for 

15 
some time before the cell-cell interfaces are larger than the 
cell-bead interfaces. Also, the beads which remain in the 
assembly may influence the mechanical properties of the 
tissue, which is important for tissue engineering applica
tions. It may also be difficult to pattern small structures or 

20 small numbers of cells with microcarrier beads, because the 
beads are too large. 

FIG. 1 illustrates an example Au-MIO-phage hydrogel 
used to deliver nanoparticles into and onto cells and within 
assemblies in certain embodiments of the disclosure. FIG. 

25 lA illustrates an exemplary vial of a MIO-containing hydro
gel (indicated by arrow) in water. FIG. 1B illustrates an 
exemplary scheme of electrostatic interaction of nanopar
ticles (spheres) with phage (elongated structures). Yellow 
(gold) and brown (MIO) nanoparticles are depicted (not 

30 drawn to scale). FIG. lC illustrates an exemplary MRI 
image (T2-weighted) of purified hydrogel in solution, MIO
containing hydrogel (top panel), average T2*=76 ms and 
MIO-free hydrogel control (bottom panel), average 
T2*=253 ms. The image contrast between the MIO-contain-

35 ing hydrogel and the negative control results from the 
reduction in T2*relaxation constant in the presence of MIO 
nanoparticles (scale bar=2 mm). 

According to some embodiments, magnetic fields, created 
either with permanent magnets or current-carrying wires, 

40 may apply forces to the magnetic nanoparticles, and thus to 
the cells and/or assemblies. Such forces may move the cells 
and/or assemblies towards, or hold them in the region of, 
maximum magnetic field amplitude. Due to the flexibility of 
shaping and changing magnetic fields, the shape of cells and 

45 the resulting tissue samples they form may be shaped and 
changed, as is illustrated in FIG. 2. A person of ordinary skill 
in the art with the benefit of this disclosure will know 
whether it is more advantageous to use permanent magnets, 

Magnetic nanoparticles have been used extensively in 
biological applications such as for MRI imaging,25 cell 
sorting,25 surface patteming,26-30 mechano-conditioning of 
cells,28 and studies of mechano-sensitive membrane prop
erties.28 Magnetite is a common choice of magnetic nano- 50 

particle, since magnetite nanoparticles with sizes below 30 
nm may be superparamagnetic, and larger sized magnetite 
nanoparticles may display renmant magnetization charac
teristic of bulk ferrimagnetism. In both cases, particles may 

current carrying magnets, or some combination. For 
example, permanent magnets may produce larger fields and 
forces and collect more cells. Wires may be more easily 
patterned to form magnetic field patterns, may make smaller 
structures, and may be more flexible for manipulation. 

FIG. 2 illustrates magnetic displacement of Au-MIO
phage, according to some embodiments of the disclosure. In 
this illustration, the Au-MIO-phage may be prepared with 
different sizes of Au nanoparticles (18 nm, top panel; 30 nm, 
middle; and 45 nm, bottom) under the same concentration of 
phage and MiO nanoparticle. Here, the hydrogel specifically 

be attracted to the maximum of an applied magnetic field.31 
55 

Magnetic nanoparticles of many kinds may be modified to 
target specific proteins and have been shown to be biocom
patible.28 It is within the spirit of this disclosure to use 
magnetic nanoparticles of any type of material. A person of 
ordinary skill in the art with the benefit of this disclosure will 60 

know which type of material is best for a particular situation. 
For example, magnetite may be a good choice because it has 
a large saturation magnetization, so relatively large forces 
can be generated with relatively fewer particles. It is also 
easily obtained commercially and somewhat standard 65 

because much work has been done with it. Furthermore, 
magnetic nanoparticles may be coated or uncoated. A partial 

used is Au-MIO AAVP-RGD-4C (AAVP, adeno-virus asso
ciated virus phage), 38 but the particular kind of phage is not 
critical to the success of the invention. The hydrogels 
prepared with the different sizes may show different 
response to the magnetic field, but, in general, they may be 
all attracted where the magnetic field is strongest. For this 
data, the permanent magnet may be placed just outside the 
well, as indicated by arrow pointing towards magnet. 
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In some embodiments, cells may be magnetically levi
tated. As illustrated in FIG. 3, cells may be grown in 
three-dimensions away from a surface, sometimes referred 

12 
Extremely large magnetic fields (>4 T), such as in the 

bores of superconducting MRI magnets, have been used to 
levitate cells through the natural diamagnetism of biological 
material,32 and smaller magnets can be used to trap cells to as levitated cell culturing. For example, murine Cl 7.2 

neural stem cells (NSC) may be so cultured.25 The cells may 
be grown at the liquid-air interface. Neural stem cells may 
be attached to the flat bottom surface of the culture plate, and 

5 immersed in a media with a high concentration of paramag
netic salts.33 

Other schemes for controlling the 3D shape of assemblies 
may require the fabrication of specially designed materials, 
engineered scaffolds,36 molded gels, and/or bio-reactors 

a preparation of MIO-containing hydrogel may be dispersed 
through pipetting. Often, size distribution of hydrogel frag
ments may not be critical. As illustrated in FIG. 3A, the 
admixture may be incubated under standard tissue culture 
conditions. Overnight incubation may provide results simi-
lar to previous studies using confocal microscopy to show 
that targeted phage particles and gold nanoparticles adhere 

10 based on rotation or agitation. Often, such materials and 
instruments may be costly, cell specific, and not biocompat
ible, which limits their applicability. Biodegradable porous 
scaffolds and protein matrices that promote cell adhesion 
and mimic or promote formation of extracellular matrix are 

15 routinely used for producing 3D ex vivo tissue samples,37 

but they may suffer from slow propagation of cells into the 
constructs and establishment of cell-cell interactions, 14

-
17 

and challenges in designing a biocompatible scaffold that 

to outer marmnalian cell membranes and undergo receptor
mediated internalization.39

• 
40 As illustrated in FIG. 3B, 

neural stem cells may be rinsed with phosphate-buffered 
saline (PBS), and hydrogel remnants may be removed. The 
neural stem cells may be detached from the surface with a 
standard trypsin:EDTA treatment.39

• 
40 A magnet may placed 20 

above the tissue culture dish, as illustrated in FIG. 3C. The 
admixture of neural stem cells and MIO-containing hydro gel 
may co-rise to the air-liquid interface due to the attraction of 
nanoparticles to regions of high magnetic field. 31 In some 
embodiments, the magnetic field may concentrate assem
blies of levitated cells together (nearby, in close proximity, 
and/or in physical contact), allowing cell-cell interactions, 
for example cell signaling through chemical or mechanical 
pathways. Cells may not be able to leave the liquid due to 
surface tension. As illustrated in FIG. 3D, there may be 
evidence of large- and small-scale 3D multicellular assem
bly features with characteristic and reproducible branching 
morphogenesis.42

• 
43 

In certain embodiments of the disclosure, cells may be 
magnetically levitated away from a surface, which may 
enable the culturing of 3D assemblies, including creation 
and manipulation of levitated patterns and shapes of assem
blies. In some embodiments, the shape of an assembly may 
be influenced to form a particular 2D or 3D pattern or 
distribution. When more than one cell type is present, 
influencing the shape of a assembly may also include 
changing the relative arrangement of different populations of 
cells within the assembly. For example, layers of different 
types of cells may be formed. The layers may be formed as 
sheets, or the layers may vary radially, as when one type of 
cell is grown around a central assembly of another type of 
cell. Illustrations of such an embodiment are shown in FIGS. 
3-13. 

does not perturb cell properties.7· 11 

Embodiments of the present disclosure may provide 3D 
cell growth with flexible, scaffoldless ("virtual scaffold") 
manipulation of tissue shape in real time. Certain embodi
ments remove the perturbing influence of a surface, core 
particle, or matrix, and rapidly concentrate cells to promote 

25 cell-cell interactions. Such embodiments may not require 
specific media or temperature control and/or processing 
before usage, and may be compatible with standard cultur
ing and diagnostic techniques. 

FIG. 3 illustrates a levitated cell assembly, according to 
30 some embodiments of the disclosure. The upper panel of 

each frame illustrates a schematic, and the corresponding 
lower panel may be a representative microphotograph of 
neural stem cells (NSC) at the same stage of the process. 
FIG. 3A illustrates an Au-MIO-phage hydrogel dispersed 

35 over cells, wherein the mixture may be incubated to deliver 
nanoparticles onto and into cells. The dark blotches illustrate 
macroscopic fragments of hydrogel. FIG. 3B illustrates 
excess, non-interacting hydrogel fragments which may be 
removed during washes. FIG. 3C illustrates the magnetized 

40 admixture rising to the air-medium interface when the 
magnet is placed. This image illustrates the admixture after 
15 min of levitation. FIG. 3D illustrates characteristic and 
reproducible multicellular structures formed after 12 h of 
levitation. Darker regions may result from increasing optical 

45 thickness of the cell mass. The scale bars in each Figure are 
30mm. 

The magnetic fields utilized in systems and methods of 
the present disclosure may be provided by any suitable 50 

source. Such sources include, but are not limited to, mag
netic fields generated by magnets, magnetic fields generated 

FIG. 4 illustrates magnetic levitation of a cell in the 
absence of cell attachment, according to certain embodi
ments of the disclosure. FIG. 4A illustrates an Au-MIO
phage incubated with suspended cells for 15 min. After 
incubation, the Au-MIO-phage plus cell admixture may be 
transferred to a cell culture dish. A magnet may be added to 
levitate the magnetized cells. FIG. 4B illustrates phase 
contrast (left) and fluorescence photomicrographs (right) of 
levitated mCherry-expressing normal human astrocytes 15 
min after the onset of levitation and 48 h after the onset of 
levitation, wherein the scale bar is 200 µm. By 48 h, 
multicellular spheroids may be observed. The far right panel 
in FIG. 4C shows a magnified image of a spheroid (mCherry 
fluorescence, 50 µm scale bar). 

by the flow of electric current, or a combination thereof. In 
certain embodiments, suitable magnetic fields generated by 
the flow of electric current may be provided by the flow of 55 

electric current through one or more conductive wires. Some 
embodiments specifically utilize ring magnets. Magnetic 
nanoparticles may be preferentially drawn to the axis of 
symmetry of a ring magnet, while light may be allowed to 
pass through the central opening of a ring magnet. These two 60 

effects, taken together, may allow better visualization of 
assemblies and cell culturing when cells are levitated with 
ring magnets. Ring magnets are traditionally permanent, 
circular magnets, though any type of magnet of any geom
etry affording a central opening would be within the spirit of 65 

the disclosure. An example ring magnet is illustrated in 
FIGS. 3C & D. 

Some embodiments provide a procedure for levitated 
culturing through magnetic levitation with no surface attach
ment. Suspended cells may be incubated with the Au-MIO
phage. The incubation may last for about 15 min, after which 
time the suspended cells may be are magnetically levitated, 
as illustrated in FIG. 4. Without limiting the disclosure to a 
particular theory or mechanism of action, it is nevertheless 
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that cellular division and growth of the spheroid presumably 
leads to a differential distribution of the nanoparticles (pref
erentially present in the center of the spheroid rather than in 
the outer region). 

FIG. 10 illustrates transmission electron microscope 
(TEM) images of human glioblastoma cells grown with 
magnetic levitation, according to embodiments of the dis
closure. Towards the left of FIG. 10, nanoparticles (black) 
may be seen inside the cells after 24 h of culturing. In the 

currently believed that the yield of levitated vs. non-levi
tated cells is influenced by the amount of Au-MIO-phage, 
incubation time, strength and gradient of magnetic field, and 
distance from magnet to bottom surface. As illustrated in 
FIGS. 4B and C, mCherry-transfected normal human astro- 5 

cytes may be cultured for 15 min and 48 h. Such procedures 
may provide a simpler and faster technique, although the 
yield of cells may be lower. Such procedure may obviate the 
need for surface attachment, so that it may be used with cell 
stocks directly thawed from frozen storage. This technique 
may be applied to a variety of cell types. For example, 
human glioblastoma cells (FIG. 5), differentiated neural 
stem cells (FIG. 6), human astrocytes (FIG. 7), glioblastoma 
assemblies (FIG. 8), and melanoma (FIG. 9). 

10 middle of FIG. 10, nanoparticles may be seen in the central 
region of the tissue spheroid but largely in the extracellular 
matrix after 8 d of culturing. Towards the right of FIG. 10, 
the outer regions of the spheroid ( after 8 days of culturing) 
may be seen to not contain detectable nanoparticles. In this 

FIG. 5 illustrates a magnetically levitated cell assembly, 
according to some embodiments of the disclosure. Human 
glioblastoma cells (lower arrow) may be treated with mag
netic iron oxide (MIO)-containing hydrogel and held at the 
air-medium interface by a magnetic field created by the 
magnet attached to the top of the tissue culture plate (upper 
arrow). This illustrates the scale bar is 5 mm and the image 
taken at 48 h of culturing. 

FIG. 6 illustrates magnetically levitated differentiated 
murine neural stem cells (NSC), according to embodiments 
of the disclosure. Surface attached NSCs were treated with 
mitomycin (1 µg/ml for differentiation) for 8 h prior to 
suspending cells. This illustrates 24 h after onset of levita
tion. 

FIG. 7 illustrates magnetically levitated human astro
cytes, according to certain embodiments of the disclosure. 

FIG. 8 illustrates magnetically levitated glioblastoma 
assemblies, according to certain embodiments of the disclo
sure. 

15 illustration, the scale bar is 5 µm. Cohesiveness of the 
assembly and retention of nanoparticles in the assembly may 
allow the assembly to be levitated as described in text. 

In some embodiments, culturing by magnetic levitation 
may produce 3D assemblies. As illustrated in FIG. 11, 

20 scanning electron microscopy (SEM) images may show the 
3D nature of human glioblastoma cells grown under mag
netic levitation, according to embodiments of the disclosure. 
For example, SEM images may be captured with the JSM 
5900 scanning electron microscope, commercially available 

25 from JEOL USA, Inc., of Peabody, Mass., equipped with 
backscatter electron detector and digital camera. Addition
ally, multicellular structures of human glioblastoma cells 
may be fixed, critical-point dried, and coated with Au/Pd.49 

FIG. 11 illustrates a scanning electron microscope (SEM) 
30 images showing levitated culturing from 3D structures, 

according to embodiments of the disclosure. SEM of human 
glioblastoma cells grown under magnetic levitation for 24 h 
may be seen towards the left, while that for and 8 d may be 

FIG. 9 illustrates magnetically suspended melanoma 
(B16) cells, according to certain embodiments of the dis- 35 

closure, which may grow as a sheet. Melanoma, a rare but 
deadly type of skin cancer, is generally a malignant tumor 
which manifests from the uncontrolled growth of pigment 
cells, called melanocytes. 

seen towards the right, wherein the scale bar is 100 µm. 
Some embodiments may provide results which compare 

favorably with traditional methods. For example, culturing 
by magnetic levitation may provide favorable results when 
compared with traditional 2D culturing. Cell growth may be 
assessed via visual and quantitative monitoring of the for-

While mammalian cells may eventually process biologi
cal material such as phage,38 the cellular fate of metal 
nanoparticles is not well understood. Some embodiments of 
the disclosure, however, may demonstrate the long-term 
presence of MIO nanoparticles in levitated assemblies. For 
example, after months of levitated culturing, viable multi
cellular assemblies may drop when the magnet field is 
removed, and may re-levitate when the magnet field is 
reapplied. The long-time dynamics of MIO nanoparticles in 
cells is not entirely understood.44

-
46 However, as illustrated 

in FIG. 10, transmission electron microscope (TEM) analy
sis may show that, after about one week of levitated cultur
ing, levitated human glioblastoma cells may predominantly 
release nanoparticles into the media and/or extracellular 
matrix. Without determining a molecular mechanism(s) for 
these observations ( such as secretion, apoptotic cell death, or 
a combination), the apparent "entrainment" of metal nano
particles in the assembly may explain the system's ability to 
levitate assemblies for relatively extended periods of time. 

40 mation rate, size, and viability of genetically-modified 
human glioblastoma cells over a period of 8 d by monitoring 
the fluorescence from stable protein expression of mCherry, 
as illustrated in FIG. 12A. Cells may come together within 
30 min of levitation. Moreover, a cohesive multicellular 

45 assembly may emerge by 24 h, and a spheroid shape may 
form between 3-8 d. Intense red fluorescence from mCherry 
protein expression may be observed, which may confirm cell 
viability within the 3D assembly. In some embodiments, the 
assemblies may be maintained for at least as long as 12 

50 weeks or more. The growth rate of magnetically levitated 
cells compared to that of cells cultured in standard 2D 
culture plates is illustrated in FIG. 12B. In contrast to the 
indicated exponential trend for the growth of levitated cells, 
cells cultured in 2D show a linear growth pattern, a typical 

55 feature of surface attached assemblies.50 In part because of 
the volume accessible during 3D growth oflevitated cells, a 
large assembly may be attained without the de-attachment/ 
re-plating cycles ("passage") generally required in standard 
2D tissue culturing. 

Cells cultured by magnetic levitation, according to 
embodiments of the disclosure, may show similarity to in 
vivo tissues. Such similarities may have advantages for 
certain applications. For example, protein expression in 
Human glioblastoma cells may exhibit similarities. FIG. 

TEM of cross-sections of spheroids of human glioblas
toma cells grown through magnetic levitation, according to 60 

one embodiment of the disclosure, show the location of 
nanoparticles at different stages, as illustrated in FIG. 10. 
For example, after 24 h of levitation, the bulk of nanopar
ticles may be contained in the cell cytoplasm, consistently 
with previous reports.39

• 
47

• 
48 The cells may have processed 

the nanoparticles after 8 days of culturing, and they may 
appear in the extracellular matrix (ECM). It may be the case 

65 12C illustrates a comparison of the expression of the marker 
N-cadherin in levitated cells, cells grown on a 2D surface of 
a petri dish, and cells in tumor xenografts in immunodefi-
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gest magnet may generate the largest structure, as illustrated 
in FIG. 13B. Furthermore, because the field pattern at the 
meniscus may have a local minimum on axis (under the 
imaging hole), cells may grow in a ring pattern that traces 

5 the maximum of the field. For small magnets, also illustrated 
in FIG. 13B, with smaller holes, the on-axis field minimum 
may become insignificant or vanish at the height of the cells. 
This may ultimately yield a compact multicellular assembly, 

cient mice. Without limiting the disclosure to a particular 
theory or mechanism of action, it is nevertheless currently 
believed that N-cadherin, a transmembrane protein that 
mediates cell-cell interactions through homotypic cell adhe
sion interactions, 51 may provide an expression pattern which 
actually recapitulate at least some in vivo-like traits of 
3D-grown cells. Indeed, 2D assemblies may show N-cad
herin scattered in the cytoplasm and nucleus but absent from 
the membrane while levitated cells express N-cadherin in 
the membrane, cytoplasm, and cell junctions (akin to the 10 

protein expression pattern observed in tumor xenografts ). 
This observation is qualitatively consistent with results 
recently reported by Ofek et al.,51 in which cartilage grown 

rather than a ring-shaped one. 
Magnetic levitation, according to embodiments of the 

disclosure, may provide precise temporal and/or spatial 
control of the pattern of cells. Bringing cells into proximity 
may facilitate interactions between populations of cells that 
were originally distinct. This may be done in an environment in vitro also yielded differential N-cadherin expression pat

tern in levitated, relative to 2D culturing. Absent levitation, 
there may be no detectable alteration in N-cadherin expres
sion in attached glioblastoma cells with any combination of 
MIO-containing hydrogels and/or magnetic fields. Thus, in 
some embodiments, magnetically induced levitation of in 
vitro cells may provide a complementary cheaper surrogate 
than the labor- and cost-intensive generation and mainte
nance of human brain tumor xenografts in immunodeficient 
mice.52 In general, indications are that magnetic levitation 
may produce cells that are more like cells in living organ
isms that obtained with traditional artificial culturing tech
niques. 

FIG. 12 illustrates a comparison oflevitated cell assembly 
with 2D assembly and mouse xenograft, according to certain 
embodiments of the disclosure. FIG. 12A illustrates phase 
contrast (top) and fluorescence (bottom; mCherry-express
ing cells through stable transfection) photomicrographs of 
levitated human glioblastoma cells which were monitored 
over an 8 d interval. Within a few hours, the cells may come 
together. By 24 h, there may be a defined multicellular 
assembly of human glioblastoma cells that eventually 
formed a spheroid. In this illustration, the scale bar is 200 
µm. In FIG. 12B, the number of cells as a function of time 
for the levitated cell assembly in 12A are illustrated 
(squares, blue line indicates exponential growth trend). Also 
illustrated is a representative 2D assembly (triangles, red 
line shows linear trend). FIG. 12C illustrates immunofluo
rescence of N-cadherin (red, Alexafluor 555) and nuclear 
staining (blue, DAPI) of mouse brain containing human 
glioblastoma xenograft, human glioblastoma cells cultured 
by 3D magnetic levitation for 48 h, and human glioblastoma 
cell standard 2D assembly attached to a glass slide cover 
slip, wherein the scale bar is 10 µm. 

Methods according to certain embodiments of the disclo
sure may provide cell patterning, shape control, and time
dependent shape manipulation. As previously discussed, 
magnetic levitation may result from the attraction of the 
MIO nanoparticles to regions of high magnetic field. In 
some embodiments, the magnetic field may be shaped by 
appropriately shaped magnets or varied temporally with 
electromagnets or by moving permanent magnets. In such 
embodiments, there is great potential for spatially patterning 
cells and manipulating structures in time. The magnetic field 
may generally functions as an adjustable, invisible scaffold 
on which to mold magnetized multicellular assemblies, as 
illustrated in FIG. 13. Thereby, complex cell shapes on all 
length scales may be realized, for example, through the use 
of electromagnets and microfabrication techniques. 

Multicellular glioblastoma assembly structures with ring
shaped permanent magnets of different diameters and vary
ing magnetic force strengths may be levitated, as illustrated 
in FIG. 13. The resulting structures may directly reflect the 
properties of the magnetic field used. The largest and stron-

15 conducive to visualization or molecular imaging in situ. For 
example, such system attributes are illustrated (i) with 
single-cell types in FIGS. 3-9 and (ii) with different cell 
types (or populations) in confrontation assays in FIGS. 
13C-D between co-cultured human glioblastoma cells 

20 (GFP-transfected; green cells) and normal human astrocytes 
(mCherry-transfected; red cells). Assemblies that were origi
nally cultured separately may be magnetically confronted, as 
illustrated in FIG. 13 C ( deemed time zero), and their 
interaction may be monitored for 14 d, as illustrated in FIG. 

25 13D). Although a clear interface separating the cell struc
tures may be initially evident, by 12 h, the populations may 
begin to fuse and lose their individual spherical shapes. After 
3 d, the confrontation assay may coalesce into a single 
spheroid with the human glioblastoma cells invading the 

30 structure composed of normal human astrocytes. These 
embodiments may have practical application in relation to 
glioblastoma multiforme, the most common, invasive, and 
lethal type of astrocytic brain tumor.53

-
57 Normal human 

astrocytes are generally among the main cell type forming 
35 the brain and spinal cord and are known to support the 

malignant glioma invasion into brain tissue in vivo.58 Levi
tated culturing may be used for analysis of brain tumor 
invasiveness of normal brain cells in confrontation culture 
assays, which have long been correlated with clinical 

40 results58
. 

In some embodiments, more than two cell types and/or 
populations of cells may be co-cultured. Levitated cells may 
be cultured in the presence of a feeding layer. The force 
being applied to cells and receptors may be varied by 

45 changing the magnetic field, for example, by using electro
magnets or by moving permanent magnets. These methods 
may have practical application in research on mechanosen
sitive mechanisms in cells, such as in stem cell research. 

In conjunction with FIG. 12, which illustrates levitated 
50 cells showing striking resemblance to tissue in living organ

isms, FIG. 13 illustrates the potential for magnetic levita
tion, according to some embodiments, to form the basis for 
drug efficacy and drug screening assays. Various compounds 
may be introduced to see if any of them slow the invasion 

55 of the cancer. Positive results may indicate promising can
cer-fighting drugs. The results may be indicative of drug 
efficacy on tumors in living organisms, due to the fact that 
the levitated cells resemble living tissues. 

FIG. 13 illustrates a control of shape and position of cells 
60 during cell culturing; co-culturing, and confrontation assay, 

also known as invasion assay, according to embodiments of 
the disclosure. FIG. 13A illustrates calculated magnetic field 
patterns ofring magnets used for 3-D cell assembly in 13B. 
Height and radius were scaled by the inner radius of the 

65 magnet (R). Magnets in 13B i, ii, and iii have R values of 
2.8, 2.3, and 1.7 mm respectively. For each magnet, the outer 
radius is about 4R and the thickness is about equal to R. A 
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universal plot gives an approximation of the field profile as 
a function of normalized coordinates. The color scale is 
linear and Bmax -3000, 2000, and 1500 G for frames B i, 
ii, and iii. The center of the magnet is taken as z=0. The 
black lines indicate heights of the cell assemblies in frames 
B i, ii, and iii. Magnetized hydrogel and cells may be 
attracted to regions of maximum field but cannot leave the 
medium due to surface tension. FIG. 13B illustrates result
ing human glioblastoma spheroids assembled from magnetic 
fields described in FIG. 13A. For the largest radius magnet 
(i), at the height of the assembly the field is peaked away 
from the symmetry axis, leading to a ring-shaped cell 
pattern. The cells display this spatial distribution immedi
ately at the onset levitation, wherein the scale bar is 400 µm. 
These 3D multicellular structures were cultured in tissue 
culture plates with covers modified by attaching a ring
shaped magnet above each well. FIG. 13C illustrates bright
field and fluorescence photomicrograph of human glioblas
toma cells (green; GFP-expressing cells) and normal human 
astrocytes (red; mCherry-labeled) cultured separately and 
then magnetically guided together (time=0). FIG. 13D illus
trates confrontation between human glioblastoma cells and 
normal astrocytes in FIG. 13C, monitored for 10.5 d. Inva
sion of the spheroid composed of normal human astrocytes 
by human glioblastoma cells of serves as a standard assay of 
malignant glioma invasiveness.34 In this figure, the scale 
bar is 200 µm. 

Another embodiment of the disclosure may provide cell 
printing or patterning on a surface. For example, this may be 
done by magnetically guiding an assembly of cells to a 
surface, allowing some cells to attach to the surface, and 
moving the ball of cells over the surface to form a pattern of 
cells, as illustrated in FIGS. 14 and 15. Alternatively, it may 
be accomplished by using either current carrying wires or 
permanent magnets, which may create a field profile in the 
desired shape for the cells, thereby allowing initially free 
cells to move in the field to affix in the desired pattern, as 
illustrated in FIGS. 16-20. 

18 
may be applied with a large permanent magnet or electro
magnetic. The surface may be oriented in any direction with 
respect to gravity and does not have to be flat. This may 
increase the magnetization of the magnetic particles and 

5 increase the forces on the nanoparticles, cells, and materials. 
FIG. 15 illustrates an example of cell patterning on a 

surface using a cell printing technique, according to one 
embodiment of the disclosure. Fluorescence image of mag
netically patterned GFP expressing HGBM using cell print-

IO ing technique. Towards the left, it can be seen that the letter 
N was generated on tissue culture plastic by magnetically 
guiding Au-phage-MIO treated HGBM cells to specific 
points at the surface of a tissue culture plate. Towards the 

15 
right, a photomicrograph of HGBM cells can be seen 
attached to the tip of the N pattern (indicted by dotted lines). 

Some embodiments of the disclosure may provide cell 
patterning on a surface using current-carrying wires or 
permanent magnetic fields that attract cells to a pattern on 

20 the surface. Current carrying wires may be created in or on 
a surface or affixed in or on a surface or held in proximity 
above or below a surface by a variety of techniques. In some 
embodiments, lithographic patterning of conductive mate
rial on a surface may be used to make the wires. Sample 

25 patterns are illustrated in FIG. 16. An example of a force 
profile generated by such wires is illustrated in FIG. 17. A 
prototype of wires on a sapphire substrate, with tissue 
culture (also known as biological sample) wells above it is 
illustrated in FIG. 18. Photographs of the prototype, along 

30 with equipment to generate currents and incorporation into 
a microscope setup, are illustrated in FIG. 19. FIG. 20 
illustrates currents passing through the wires to create a 
magnetic field that attracts cells and hydrogel containing 
MIO nanoparticles. Patterns of magnetic fields that can 

35 produce similar effects may also be produced with patterns 
of permanent magnetic material, such as bulk permanent 
magnets, patterns on magnetic recording tape, or patterns of 
materials such as used in magnetic data storage computer 
hard drives. In some embodiments, cells may be patterned on a surface 

through printing techniques. Printing cells on a surface may 40 

be beneficial for a wide range of medical applications, such 
FIG. 16 illustrates a close-up of sample lithographic 

patterns for current carrying wires for making surface pat
terns of cells, according to embodiments of the disclosure. 
The 50 mm scale bar only applies to the top 3 forms. 

as tissue/organ replacement and wound healing.60
-
68 FIGS. 

14 and 15 demonstrate the potential of certain embodiments 
of this disclosure for cell printing/graphing. In some 
embodiments, this procedure can be achieved after treating 45 

cells with Au-MIO-phage. Therein, the cells may be levi
tated for a desired period of time, which may vary from 
minutes to days, and the cells may be magnetically guided 
to the surface for patterning. In some embodiments, after 
cells start to attach to surface, the cells may then displace the 50 

3D structure to a new position where surface-attached cells 
will remain attached. In some embodiments, the cells may 
be magnetically guided cells directly to printing magnetic 
pattern, bypassing cell levitation. With any of these proce
dures, the cells may attach to surface and remain viable. 55 

These procedures may produce a pattern of cells on the 
surface. For example, FIG. 15 illustrates a letter N written on 
a surface in this way. 

FIG. 14 illustrates an example of cell patterning on a 
surface using a cell printing technique, according to some 60 

embodiments of the disclosure. An assembly that was ini
tially levitated was guided to a plastic surface. After 12 
hours, some cells had migrated out of assembly and attached 
to plastic. 

Certain embodiments may combine lithographically pat- 65 

terning with permanent magnets. For example, when using 
small magnetic field patterns, a uniform background field 

FIG. 17 illustrates sample magnetic force calculations, 
applicable to some embodiments of the disclosure. Force 
profile may be normalized to current squared and magnet 
dipole moment for a cross-section across two parallel cur
rent-carrying wires 1 micron above the wires. MIO contain
ing hydrogel and cells may be attracted to positions where 
the force crosses zero. 

FIG. 18 illustrates prototype microdevice construction for 
lithographically patterned wires, according to embodiments 
of the disclosure. Current-carrying wires may be patterned 
using standard techniques of lithography, followed by elec
troplating of gold. Either a negative or positive photoresist 
may be used, where the resulting pattern is the inverse of the 
mask used. Shown in the left side of the figure are examples 
of the lithography mask. On the right side is a sapphire 
microscope slide with the lithographically patterned gold 
wires. On top of the slide is an array of plastic sample wells. 
Sapphire may be a good choice of substrate because it is 
optically transparent, electrically insulated, thermally con
ducting, optically polishable, and not susceptible to fracture 
upon local heating. 

FIG. 19 illustrates a microscope set up and microchip 
device useful in some embodiments of the disclosure. The 
left side shows the microscope with a microchip. The right 
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side shows a close-up of the chip, showing the electrical 
connections and plastic sample wells. 

20 
the microwell in whichAu-FeO nanoparticles solution was 
added to phage solution as part of hydrogel synthesis. 

FIG. 20 illustrates manipulation and surface patterning of 
neural stem cells with patterning microdevice, according to 
embodiments of the disclosure. C17.2 murine neural stem 5 

cells may be cultured within hydrogel for 48 h. FIG. 20A 
illustrates no current being applied. FIG. 20B illustrates cell 
assemblies displaced towards the Au wire pattern when a 4 

Cells may concentrate spontaneously in regions of high 
hydrogel concentration, so patterning the hydrogel first may 
provide another way to pattern cells, as illustrated in FIG. 
23. Hydrogel may be formed with different kinds of phage 
without significantly altering the ability to form a hydrogel 
or incorporate magnetic nanopartcles. Phage may be 

A current is applied. Here, the wires are below the plastic 
forming the container for the cells and media, so the cells are 10 

not in contact with wires. Cells in wells were still viable 48 

designed with cell-specific receptors that preferentially bind 
to cells, such as phage expressing the RGD-4C peptide. A 
pattern of hydrogel Au-MIO-RGD-4C, formed in one 

hrs after the experiment was performed. 
Yet another embodiment of the disclosure may utilize the 

same systems and methods to pattern on a surface Au-MIO
phage without cells, as illustrated in FIGS. 21-24. 

FIG. 21 illustrates the formation of patterns of Au-MIO
phage using current carrying wires to generate a patterned 
magnetic field. Similar patterns may be generated with 
permanent magnets, such as on magnetic recording tape, or 
with solid magnetic material, such as is used in computer 
hard drives. Levitated patterns may also be formed and 
manipulated. A gradient of Au-MIO-phage also may be 
formed by the creation of a gradient in the magnetic field, as 
illustrated in FIG. 22. 

FIG. 21 illustrates manipulation and patterning of Au
MIO-phage material without cells, demonstrated with pat
terning microdevice, according to embodiments of the dis
closure. Hydrogel patterning may be generated by applying 
current to lithographically patterned Au wires. This may 
move the hydrogel towards maxima of the magnetic field 
that are located between the wires or in the center of the 
loops. Both FIGS. 21A and 21B illustrate the sequences of 
no current being applied in the first frame, and the current 
ramped up to 4.0 A over an interval of 45 s, which produces 
patterns of the hydrogel shown in the far right pattern. 

According to embodiments of the disclosure, the field 
may have a strength and gradient of sufficient strength to lift 
cell off the bottom surface of the culturing container, or 
collect the cells in suspension, or pull the cells to the surface, 
depending upon the desired effect. The cells may be levi
tated in the bulk of the media or brought to the air liquid 
interface where surface tension will keep the cells from 
leaving the liquid medium. To control the position of cells, 
the amount of magnetic material per cell and the strength 
and gradient of the magnetic field may be sufficient to 
overcome other forces on the cells that would disrupt 
patterning. This may be accomplished over a great range of 
parameters predicted by standard formulas, but the param
eters may depend upon the specific embodiment of the 
disclosure. For example, for surface or levitated patterning 
and manipulating cells, at least 0.01 pg/cell of magnetite is 
needed. More magnetic material can be used, up to 100 
mg/cell, which may produce more force. Material with 
larger or smaller magnetization would necessitate smaller or 
larger concentrations respectively. Typical magnetic fields 
on the order of lG to 105 G and field gradients from 0.01 
G/cm to 105 G may be used depending upon the application. 
Simple experimentation can be done to find the optimal 
conditions. 

FIG. 22 illustrates a Au-MIO-phage gradient generation 
using a magnetic field gradient, according to embodiments 
of the disclosure, shown with brightfield photomicrograph 
(transmitted light) (scale bar, 20 µm). This image shows a 
change in transmitted light resulting from hydrogel gradient 
(higher density in dark region, indicated by arrow below the 
figure) generated from placing a permanent magnet next to 

embodiment with two permanent magnets beneath the cul
turing well, may lead to a patterning of Melanoma cells 

15 
(B16) incubated for 16 hours (top, receptor mediated). 
Phage expressing fd-tet peptide may not bind to cells as 
strongly, so Au-MIO-fd-tet hydrogel may serve as a control 
(bottom, control). Two permanent magnets may be placed 
under each well, with magnetic fields pointed to opposite 

20 directions, so that the magnets repell each other. Hydrogel 
and nanoparticles may be uptaken and/or attached to cells 
through integrin binding peptide motif, which mediates cell 
adhesion, displayed on the phage. This may lead to more of 
a concentration of cells in areas of strong field near each 

25 magnet (indicated by the gap of cells between the magnets). 
In contrast, the control hydrogel (bottom) cells may cover 
the entire microwell. 

FIG. 23 illustrates receptor-targeted cell patterning using 
magnetic field patterning of hydrogels, according to some 

30 embodiments of the disclosure. A hydro gel may be formed 
with different kinds of phage without significantly altering 
the ability to form a hydrogel or incorporate magnetic 
nanopartcles. Phage can be designed with cell-specific 
receptors that preferentially bind to cells, such as phage 

35 expressing the RGD-4C peptide. A pattern of hydrogel 
Au-MIO-RGD-4C formed in this case with two permanent 
magnets beneath the culturing well may lead to a patterning 
of Melanoma cells (B16) incubated for 16 hours (top, 
receptor mediated). Phage expressing fd-tet peptide may not 

40 bind to cells as strongly, so Au-MIO-fd-tet hydrogel may 
serve as a control (bottom, control). Two permanent magnets 
were placed under each well, with magnetic fields pointed to 
opposite directions (magnets repelled each other). The sys
tem where hydrogel and nanoparticles are uptaken and/or 

45 attached to cells through integrin binding peptide motif, 
which mediates cell adhesion, displayed on the phage leads 
to more of a concentration of cells in areas of strong field 
near each magnet (indicated by the gap of cells between the 
magnets). In contrast, the control hydrogel (bottom) cells 

50 covered the entire microwell. 
Because phage may be modified to serve as a gene 

delivery vector, patterning the hydrogel may lead to pat
terned transfection of genetic material, as illustrated in FIG. 
24. In some embodiments, adeno-virus associated virus 

55 phage (AAVP)38 may be used to form Au-MIO-AAVP for 
superior gene delivery tools. The combination of AAVP with 
phage hydro gel may be a powerful tool for following the fate 
of the nanoparticles. Additionally, the combination may 
provide indications of where gene translation takes place 

60 and, for combination of multimodal imaging, magnetic 
guidance and gene/RNA delivery. Cells in the region with 
higher concentration ofhydrogel may show a higher level of 
transfection, producing a patterned expression of the gene. 
This approach may also translate to delivery of small RNA 

65 guided towards gene silencing tools. This gene delivery 
capability may also be incorporated into any of the cell
patterning methods already discussed. 
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FIG. 24 illustrates magnetic-guided gene transfection 
using Au-MIO-AAVP, according to embodiments of the 
disclosure. Here, KSl 767 cells are incubated with Au-MIO 
AAVP-RGD-4C. The Au-MIO AAVP-RGD-4C (AAVP, 
adeno-virus associated virus phage;)3 8 may integrate target- 5 

ing properties, and efficient gene transduction of phage
based vectors with magnetic guidance of hydrogels as a 
superior gene delivery tool. The left panel is brightfield 
image while the right is fluorescence image of GFP express
ing cells. Within the same microwell, the line indicates the 10 

boundary dividing a region in which a magnet has concen
trated the magnetic nanoparticle-carrying Au-MIO AAVP
RGD-4C (permanent magnet placed under the well), and 
region in which there is lower magnetic field and no con
centration. The cells in the region with higher concentration 15 

of hydrogel may show transfection levels that are signifi
cantly (-6x greater). 

Some embodiments may provide results which compare 
favorably with traditional methods. For example, culturing 
by magnetic levitation may provide favorable results when 20 

compared with established 3D cell culturing methods. A 
common 3D culturing matrix product is Matrigel,© com
mercially available from BD, Inc. Matrigel generally con
sists of purified basement membrane matrix, is derived from 
mouse, and is considered the "gold standard" for 3D cell 25 

assembly7
. Cells dispersed in Matrigel may only form larger 

multicellular structures with significant cell-cell interactions 
after time has passed for sufficient cell migration and divi
sion. The Matrigel matrix may also produces high levels of 
diffraction, scattering, opacity, and auto-fluorescence, which 30 

are acknowledged difficulties in many established 3D cell 
culturing models based on extra-cellular matrices and poly
meric gels/scaffolds.2· 59 Matrigel may present additional 
limitations, including the need for serum-free conditions, 
which are not desirable for culturing most cells, and expen- 35 

sive growth factor supplements. Tissue grown in Matrigel 
may not be introduced in humans because mouse proteins 
may elicit an immune response. Finally, there is not potential 
for spatial or temporal manipulation of cells using Matrigel, 
while, as shown below, this is straightforward with magnetic 40 

levitation. 

22 
pended, and the magnetic field is altered so as to bring cells 
to a specific place on a surface, so that some cells will attach 
there. The field is then altered to allow cells to attach in 
another place to form a pattern. 

The present disclosure provides, in certain embodiments, 
a system comprising cells, a plurality of nanoparticles dis
posed within or attached onto or entrained in the cells, at 
least one type of which is magnetic, and a magnetic field 
created by current-carrying wires or permanent magnets 
which apply a force to at least one of the plurality of 
nanoparticles and brings the cells toward a surface so as to 
grow in a specified pattern. 

The present disclosure provides, in certain embodiments, 
a system comprising phage, a plurality of nanoparticles 
disposed within the phage, and a magnetic field created by 
current-carrying wires or permanent magnets which apply a 
force to at least one of the plurality of nanoparticles. 

The present disclosure provides, in certain embodiments, 
a system comprising phage, a plurality of nanoparticles 
disposed within the phage, and one or more conductive 
wires, wherein at least a portion of the one or more wires is 
in contact with the phage. 

The present disclosure provides, in certain embodiments, 
a method of fabricating a material, the method comprising: 
providing a material comprising phage, a plurality of nano
particles, and one or more conductive wires, wherein at least 
a portion of the one or more wires is in contact with the 
phage, flowing an electric current through one or more of the 
one or more conductive wires so as to generate a magnetic 
field, and allowing the material to be altered in response to 
the magnetic field. 

The present disclosure provides, in certain embodiments, 
a method for levitating a plurality of cells. The method may 
comprise providing a magnetic field. The method may also 
comprise levitating at least some of the plurality of cells in 
the magnetic field, wherein the plurality of cells comprise 
magnetic nanoparticles. 

The present disclosure also provides, in some embodi
ments, a method of culturing cells. The method may com
prise providing a plurality of cells. The method may also 
comprise providing a magnetic field. The method may also 
comprise levitating at least some of the plurality of cells in 
the magnetic field, wherein the plurality of cells comprise 
magnetic nanoparticles. The method may also comprise 

The present disclosure provides, in certain embodiments, 
a system comprising cells, a plurality of nanoparticles dis
posed within or attached onto or entrained in the cells, at 
least one type of which is magnetic, and a magnetic field 
created by current-carrying wires and/or permanent magnets 
which apply a force to at least one of the plurality of 
nanoparticles. 

45 maintaining the levitation for a time sufficient to permit cell 
growth to form an assembly. 

The present disclosure provides, in certain embodiments, 
a system comprising cells, a plurality of nanoparticles dis
posed within or attached onto or entrained in the cells, at 
least one type of which is magnetic, and a magnetic field 
created by current-carrying wires or permanent magnets 
which apply a force to at least one of the plurality of 
nanoparticles and brings the cells away from surface so as to 
grow in suspension in liquid media or at an gas-liquid 
interface. The cells are then allowed to grow while sus
pended. 

The present disclosure provides, in certain embodiments, 
a system comprising cells, a plurality of nanoparticles dis
posed within or attached onto or entrained in the cells, at 
least one type of which is magnetic, and a magnetic field 
created by current-carrying wires or permanent magnets 
which apply a force to at least one of the plurality of 
nanoparticles and brings the cells away from surface so as to 
grow in suspension in liquid media or at an gas-liquid 
interface. The cells are then allowed to grow while sus-

The present disclosure also provides, in other embodi
ments, a method of manipulating cells. The method may 
comprise providing a first plurality of cells. The method may 

50 also comprise providing a magnetic field. The method may 
also comprise levitating at least some of the first plurality of 
cells in the magnetic field, wherein the first plurality of cells 
comprise magnetic nanoparticles. The method may also 
comprise varying the magnetic field over time to manipulate 

55 at least a first portion of the first plurality of cells. 
The present disclosure also provides, in particular 

embodiments, a method of preparing nanoparticles. The 
method may comprise providing a hydrogel comprising 
magnetic nanoparticles. The method may also comprise 

60 providing a magnetic field. The method may also comprise 
subjecting the hydrogel to the magnetic field. 

The present disclosure also provides, in yet other embodi
ments, a system for levitating a plurality of cells. The system 
may comprise a magnetic field. The system may also com-

65 prise the plurality of cells, wherein the plurality of cells are 
disposed in the magnetic field, and the plurality of cells 
comprise magnetic nanoparticles. 
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To facilitate a better understanding of the present disclo
sure, the following examples of specific embodiments are 
given. In no way should the following examples be read to 
limit or define the entire scope of the disclosure. 

24 
fetal calf serum (FCS). Transfections and retroviral infec
tions were described. The m-cherry and eGFP in the retro
viral vectors pCXb and pCXp, respectively, were transfected 
into Bose cells to produce retrovirus containing supernatants 

EXAMPLES 
5 which were collected 48 hr after the transfection and used 

for infection of the NHA, NSC, and GBM cells as previously 
described. The cells were treated and maintained in selection 
media 48 hr after infection: blasticidin (mCherry) or puro
mycin ( eGFP) and express the fluorescent protein in a stable 

10 

A hydrogel assembly containing magnetic nanoparticles 
was formed as follows. Hydrogels were generated by 
described nanofabrication procedures39

• 
40 except for the 

inclusion of MIO nanoparticles. A gold nanoparticle solution 
(50±8 nm diameter) was prepared following the common 
citrate-reduction70 procedure (molar ratio of 0.8:1.0 of 
sodium citrate:Au(III) chloride; Sigma-Aldrich). MIO-con
taining hydrogels were prepared by mixing the gold nano- 15 

particle solution (Optical absorbance 530 nm=l.2-1.5 units) 
with MIO nanopowder (specified as magnetite, polydisperse 
particle size <50 nm; stabilized with a surfactant of PVP 
(poly vinyl pyrrolidone); Sigma-Aldrich) to a concentration 
of 0.3 mg/ml. A phage dilution was prepared with 109 20 

transducing units (TU)/µ! in picopure water (H2O). Finally, 
the phage solution and the gold nanoparticle plus iron oxide 
solution were mixed with equal volumes and allowed to 
stand overnight at 4 ° C. for hydro gel formation. Prior to 
experimental use, each supernatant was shown to be nano- 25 

particle-free as evidenced by light extinction measurements 
in the visible region, data indicative that all metal nanopar
ticles were incorporated into the resulting hydrogel. 

Cells cultured in MIO-containing hydrogels were mag
netically levitated as follows. Surface attached cells (grown 30 

to approximately 80% confluence) were treated with 1 µI of 
hydrogel per 1 cm2 of surface area available for culturing 
cells (size of culturing flask) and incubated overnight. The 
treated cells were de-attached by trypsin and EDTA. The 
trypsin was removed by centrifugation. The cells were 35 

placed into a tissue culture Petri dish.39
• 

40 A cover top with 

manner. 
Multicellular assemblies of human glioblastoma cells 

were fixed in 10 mM PBS containing 1 % glutaraldehyde 
after 24 h and 8 d of magnetic levitation. These structures 
were then placed on a nickel mesh grids previously coated 
with Formvar and evaporated with carbon were floated on 
drops of 0.1 % poly-L-lysine (Sigma Diagnostics) on para
film for 5 min. Excess solution was removed from the grid 
by carefully touching the edge of the grid onto filter paper. 
The grids were not allowed to dry completely in any of the 
steps. The grids were floated on drops of sample on parafilm 
for 1 h. Excess fluid was removed and the grids then were 
floated on drops of 0.02% BSA containing 1 % anmionium 
molybdate in distilled water (pH 7.0) for 1 min. Excess fluid 
was removed, and the grids were allowed to dry overnight. 
Transmission electron microscopy images were captured by 
a transmission electron microscope (JEM-1010, JEOL) fit
ted with an AMT Advantage (Deben UK Limited, Suffolk, 
U.K.) digital charge-coupled device camera system. 

Therefore, the present disclosure is well adapted to attain 
the ends and advantages mentioned as well as those that are 
inherent therein. The particular embodiments disclosed 
above are illustrative only, as the present disclosure may be 
modified and practiced in different but equivalent manners 
apparent to those skilled in the art having the benefit of the 
teachings herein. Furthermore, no limitations are intended to 
the details of construction or design herein shown, other than 
as described in the claims below. It is therefore evident that 
the particular illustrative embodiments disclosed above may 

40 be altered or modified and all such variations are considered 

an attached neodymium magnet was immediately put in 
place. The cell lines and corresponding culture media used 
were human glioblastoma-derived LN-229 or U-251MG 
cells (GFP and mCherry transfected) and normal human 
astrocytes (mCherry transfected) in Dulbecco modified 
Eagle's medium (DMEM) containing 10% fetal bovine 
serum (FBS) and in DMEM high-glucose 10% FBS supple
mented with sodium pyruvate 2 mM, glutamine, penicillin, 
and streptomycin. Cl 7 .2 murine neural stem cells were 45 

cultured in DMEM high-glucose containing 10% FBS and 
supplemented with sodium pyruvate 2 mM glutamine, peni
cillin, and streptomycin.71 

As illustrated in FIG. 12, cell viability and number of cells 
being used was assured after cells were de-attached. The 50 

cells were checked for viability with Trypan-blue exclusion 
and counted with a standard hemocytometer. In this same 
experiment, half of the cell population (-3x104) was trans
ferred to seed a 2D surface-attached sample, and the other 
half was seeded to form a 3D-levitated assembly. Finally, the 55 

number of cells in the levitated multicellular structure was 
estimated by dividing the estimated volume of the structure 
(from its shape and size) by the average volume of a single 
cell (-1.0 nL). 

FIG. 1 illustrates Magnetic Resonance Images, which 60 

were acquired with a 4.7 T, 40 cm Bruker Biospec MRI 
instrument. Hydrogels were placed in a 12 ml plastic conical 
tube for imaging. 

within the scope and spirit of the present disclosure. In 
particular, every range of values ( of the form, "from about 
a to about b," or, equivalently, "from approximately a to b," 
or, equivalently, "from approximately a-b") disclosed herein 
is to be understood as referring to the power set (the set of 
all subsets) of the respective range of values, and set forth 
every range encompassed within the broader range of val
ues. Also, the terms in the claims have their plain, ordinary 
meaning unless otherwise explicitly and clearly defined by 
the patentee. 
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The invention claimed is: 
1. A method of 3D cell culture, comprising: 
a. providing a magnetic field gradient of at least 0.01 

G/cm; 
b. providing cells and a hydrogel which comprises one or 5 

more magnetic nanoparticles, wherein said cells uptake 
said magnetic nanoparticles to become magnetic cells; 
and 

30 
6. The method of claim 1, further comprising introducing 

at least a portion of the 3D cell assembly into a living 
organism. 

7. The method of claim 1, further comprising: 
a. adding a chemical to the 3D cell assembly; 
b. measuring an effect of said chemical on said 3D cell 

assembly; and 
c. projecting the effect of the chemical on an in vivo tissue 

based on the effect of the chemical on the 3D cell 
assembly. 

8. The method of claim 1, wherein the magnetic nano
particles are disposed inside said cells. 

c. levitating at least some of the magnetic cells in the 
magnetic field gradient for a time sufficient to permit at 

10 
least some of the magnetic cells to form a levitated 3D 
cell assembly, wherein the shape of said 3D cell assem
bly is controlled by controlling the shape of the mag
netic field. 

9. The method of claim 1, wherein the magnetic nano-
15 particles are attached to said cells. 

2. The method of claim 1, wherein the 3D cell assembly 
is formed through cell growth. 

3. The method of claim 1, wherein the magnetic field is at 
least partially formed by one or more electromagnets, per
manent magnets, or both. 

4. The method of claim 1, wherein the cells comprise 
more than one cell type. 

5. The method of claim 1, further comprising providing a 
feeding layer of cells, wherein the at least some of the 
magnetic cells are levitated proximate to the feeding layer. 

20 

10. The method of claim 1, wherein said hydrogel com
prises Au-MIO-phage. 

11. The method of claim 1, wherein at least some of the 
magnetic cells are levitated in the bulk volume of a liquid. 

12. The method of claim 1, wherein at least some of the 
magnetic cells are levitated at a gas-liquid interface. 

* * * * * 


