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connective tissue, bone, cartilage, tendon and pancreas.

The replacement tissue must not only be comprised of the same type of cells
as the tissue it is intended to replace but must also have the required, possibly
complex, 3-dimensional shape. As such, the replacement tissue is generally grown on
or within a suitably shaped scaffold immersed in a culture medium in a bioreactor.
The scaffold is a cell growth substrate which is shaped to provide growth of the tissue
into the required 3-dimensional form. Within the bioreactor there is é (generally

‘constant) flow of culture medium ensuring that the tissue-forming cells on or within
the scaffold continuously receive a supply of nutrients and that the metabolic waste
products of the cells are removed. The typically increased volumes of culture
medium that can be used in bioreactors, compared to static culture flasks, allow
immersion of scaffolds of a range of sizes suitable for production of a number of
different tissue types. The perfusion of culture medium throughout the scaffold
allows all cells to benefit from viable cdnditions for growth throughout the structure

(1.

* In addition, and particularly in the case of mechano-responsive tissue, it may
be necessary to subject the tissue forming cells to mechanical stresses during their

culture to produce fully functional tissue. Thus, for example, some types of
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's provi de%nec@me&amcal methods are cumbersome, and produce difficulties in maintaining

the aseptic conditions required for culture. Hydrodynamic compression methods are
generally meffective. Moreover, all previously known methods suffer from the
disadvantages that only one magnitude of stress can be applied across the range of
cultured cells at any one time (generally a much higher stress than is required at a
cellular level), and that the scaffold upon which the cells are grown must itself have

considerable mechanical resilience to withstand the stresses applied to it.

It is therefore an object of the present invention to obviate or mitigate the

above mentioned disadvantages.

According to a first aspect of the present invention there is provided a method
of culturning tissue comprising growing tissue forming cells while subjecting the cells
to mechanical siresses characterised in that the mechanical siresses are generated

magnetically.

Thus in accordance with the invention, magnetically generated stresses are
applied to the tissue forming cells so as to ensure that fully functional tissue is

produced.
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magnetic material may be a ferrofiuid which is inserted into the culture mediumn. A

further possibility is the combined use of magnetic material attached to the cells and a

ferrofiuid.

hrrespective of the particular magnetic material used, the use of a time-varying
magnetic gradient or homogeneous field modulates the movement of the magnetic
material and consequently allows stresses to be repeatedly applied to the tissue
forming cells. Such siresses may be accurately varied both in their magnitude and
direction of application so that the tissue forming cells may be subjected to the
required stress forming regime to ensure that fully functional tissue is produced. This
can be accomplished by varying the magnetic properties of particles attached to
different cells in different regions of the same scaffold (or different scaffolds) or
through the use of the spatial variation of field strength in the gradient field.

The magnetic field may be varied at a frequency of, for example, 0.1 to 10 Hz.
But, frequencies outside this range can also be used. The magnetic field will typically
bave a flux density on the order of (but not limited to) 10 mT to 1400 mT.
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The method of the invention can be used to produce a variety of tissue types in
both bioreactors and in »vo which tequire mechanical loading or activation of
mechanosensitive ion chanmels. These include (but are not limited to) connective
tissue such as bone, cartilage, ligament and tendons. Biopsies of the cells to be

cultured may be obtained by standardized procedure [4].

It is also-possible for the method of the invention to be applied to tissue constructs
comprised of tissues of at least two different types, e.g. bone and cartilage. It is also
possible to use human mesenchymal stem cells as a source which are differentiated

into chondrocytes or bone cells i siti on or within scaffolds.

As menticned above, 2 preferred embodiment of the invention imvolves
attachment of magnetic micro- or nano- particles to the tissue forming cells for the
purposes of applying the required stresses thereto. The magnetic micro- and nano-
particles may be functionalised and attached to the tissue forming cells prior to

seeding of the latter onto a scaffold on or in which the tissue is to be grown. Thus, for
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(11) Single-domain, ferrite-doped silica nanoparticles with tunable size (d = 50—

300 nm) and narrow size distribution [5].

1t is not however essential for the magnetic material to be particulate nor that it
be attached to the cells. It is possible, for example, for the profusion medium in a
bioreactor or in vive to contain a ferrofluid which is used to generate forces, from an
applied magnetic gradient field, to the cells being cultured. The ferrofluid may for
example be a PV A/magnetite nanoparticle-based ferrofluid (d = 4-10nm) [6]. It is

'possible also to use particles attached to the cells in combination with a ferrofiuid.

The bioreactor may for example be a modification of 2n existing bioreactor
such as profusion, spinner flask, hydrodynamic compression and rotaﬁng vessel

systems.

Conveniently the magnetic field is generated outside the tissue culture vessel
(if the method is applied in vitro), or outside the body for the case of in vivo
applications, and may be provided by a permanent magnet or an electromagnet. In
order to generate variable fields, a permanent magnet may be moved relative to the

cells being cultured. Thus, in the case of a bioreactor, such movement may for
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that may be used include cryo-cooled, superconducting magnetic coils capable of

producing fields of several tesla.

The forces applied to the cells will generally be from 0.1 to 10pN (as

. previously indicated), such forces being capable of opening transmembrane ion
- channels. The magnetic fields and field gradients required to generate these forces
- vary depending on the maguetic, volumetric and shape properties of the particles and
the distance between the tissue construct and the magnet. These parameters are

governed by the equation:

1
ang = (X2 - XI)V;_B(VB)

()

where ¥ is the volume magnetic susceptibility of the magnetic particle, y; is
the volume magnetic susceptibility of the surrounding medium (i.e. tissue/bone), W, is
the magnetic permeability of free space, B is the magnetic flux density in Tesla (T).
Though this assumes spherical particles and no magnetic dipole interactions, it should
give a good approximation of the field and gradient required for the system.
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sour ce. It.E@p=mgzﬁﬁﬁygfron1these equati ons that the conpressional
(translational) force“ experienced by the tissue constructs in the presence
of ferrofluids and magnetic particles is dependent on the strength of the
field, the field gradient and the volunetric

for particles close to the magnetic field source.

It can be seen from these equations that the compressional (translational) force
experienced by the tissue constructs in the presence of ferrofluids and magnetic
particles is dependent on the strength of the field, the field gradient and the volumetric
and magnetic properties of the particles. One of these parameters will have a sirong
spatial variation ~ the field strength/gradient product. This will enable the application
of differential forces in three dimensions. In addition, by seeding different regions of
the scaffold with particles, ferrofiuids and magnetic materials of differing magnetic
and volumetric properties, the three-dimensional variation in applied force can be
enhanced. This facilitates the growth of complex tissue structures via the spatial .

variation of applied forces inside the bioreactor.

A nm:ﬁber of different scaffold types (essentially 3-dimensional porous blocks
which can be varied in dimension) can be used. One of the advantages of the present
invention is that the scaffolds do not need enhanced mechanical properties as the
stresses involved are generally small. It is possible, for example, to use a
biodegradable, porous polylactic acid (PLA) based scaffold. Altemative scaffolds
include PGA (poly glycolic acid) materials which are rapidly degrading and are less
mechanically strong and collagen scaffolds which are natural matenials [7]. The
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with reference to the acconpanying drawings, in which: Fig 1 illustrates a
first enbodi rrent}—.gfz ﬂﬁ?ﬁr&t&é’@@éc’oﬁ&‘cm%b&n?enh bf&%tlﬁ@gn%naalﬁpcond enbodi nent of
the i nvention; Fig 3 illustrates activanon of a ano-sensitive

transmenbrane i on channel by the use of a nmagnetic field. Referri ng to Fig
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by the use of a magpetic field.

Referming to Fig 1, there is illustrated a tubular bioreactor 1 associated with
permanent magnets 2 which are positioned externally of the reactor 1 and which are
mounted on a carrier arrangement 3 counected to a computer-controlled (or other

time-varying) drive system not illustrated in detail in the drawings.

‘Within the bioreactor 1 are a number of longitudinally spaced tissue constructs
4 each depicted as being comprised on bone tissue on one side (the side remote from
the magﬁets 3) and cartilage tissue on the other side (other tissue types may also be
used). The tissue cells have magnetic beads (not shown) attached thereto and are
seeded on 3-D scaffelds (again not shown). Nutrients are supplied to the bioreactor as
depicted by arrow 5 and exit therefrom as depicted by arrow 6.

There are a total of four magnets 2 (though this number can vary to match the
number of tissue constructs) which are extemal of the bioreactor and longitudinally
spaced therealong. The positioning of the magnets is such that there is one magnet
associated with each of the tissue constructs, the magnets being provided on the

cartilage sides thereof,
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scaffold inside )
nanopartcles directed towards the magnets, compressing the cells and scaffold inside

the bioreactor. This compression will simulate mechanical loading without requiring
direct access to the cells inside the bioreactor. Loads can be easily varied by changing

- the magnetic field strength and gradient, magnet position and/or the physical
proﬁerties of the nanoparticles compressing the tissue constructs.

If desired, the magnetic particles associated with the bone cells may have
different magnetic properties from those associated with the cartilage so that different
mechanically stresses are applied to the two different types of cells.

Fig 2 illustrates 2 modification of the apparatus shown in Fig 1. In the
modification of Fig 2, the (penmanent) magnets are oscillated parallel to the
longitudinal axis of the bioreactor (rather then transversely to the axis in the case of
Fig1).

A number of modifications may be made to the illustrated embodiments.
Thus, for exaraple, the magnets may be swept relatively around the bioreactor.

This may most conveniently, but not necessarily, be achieved by keeping the magnets

fixed and rotating the bioreactor around its longitudinal axis.
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More particularly, Fig 3 illustrates a cell 10 having a2 membrane 11 enclosing
the cell’s cytoplasm 12. Within membrane 11 is a mechanosensitive ion channe] 13.
A functionalized magnetically blocked particle 14 (such as Sphereotech’s coated
ferromagnetic particles, d=4.5pum) is rigidly attached to the cell membrane 11 either
directly or indirectly via cytoskeletal coupling {8, 9]. |

In the condition shown in Fig 3(a), no magnetic field is applied to the cell 10

and the ion chamnel 13 is closed.

By oscillating a magoetic field source (not shown) the magnetic particle 14
attached to the cell 10 can be twisted, exerting a mechanical stress on the cell
membrane 11 and activating the mechano-sensitive in chanmel 13 (Figure 3b). This
ion chamme] activation initiates biochemical reaction pathways in the cells being
cultured and simulates periodic mechanical loading of tissue constructs inside the

bioreactor.
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2. A method as described in claim 1 wherein the stresses are generated by a
magnetic material capable of generating a force in response to a magnetic

gradient applied and transmitting that force to the tissue-forming cells.

3. A method as claimed in claim 1 wherein the magnetic material is attached to

the tissue forming cells.

4. A rmoethod as claimed in claim 3 wherein the magnetic material comprises

micro or nano-particles.

5. A method as clairned in any one of claims ! to 4 wherein the magnetic

material comprises a ferrofluid.

6. A methed as claimed in any of claims 1 to 5 wherein the magnetic field is

varied during culture of these tissue forming cells.

7. A method as claimed in claim 6 wherein the magnetic field is varied
sinusoidally.
g, A method as claimed in claim 6 or 7 wherein the magnetic field is varied at a

frequency of 0.1 to 10Hz.



3. Anethod as clainmed in claim1l wherein the magnetic material is attached
to the tissue formng cells. 4. A nethod as clainmed in claim3 wherein the
magnetic material conprises nicro or nano-particles. 5. A nethod a4 JUN 2005
claimed in any one of clains 1 to 4 whérein the nagnetic material
conprises a ferrofluid. 6. A nethod as clained in any of clains 1 to 5
wherein the magnetic field is varied during culture of these tissue

form ng Cel | s A methedpsclaypedin ByHmpedcrimse] & hHivbiclissrplisdinitrmagnetic fiel d
is varied sinusoidally. 8 A nethod as clained in claim6 or 7 wherein the
~magnetic field is varied at a frequency of 0.1 to 10Hz. 1 0 JUN 2005 13
9. A nethiod as\ mkthodes claimedhin daim Divhedeni the tifsue f&myihi eblld &eappid 66 i n
vitro. 10. A nethod as clained _in claim9 wherein the tissue formng cells
are grown on °6¥“4%‘dgﬂ§156?%?@f@i’al scaffold. 11. A nethod as clained in
claim9 or 10 wherein the tissue formng cells are cultured in a

bi oreactor through which flows a culture nmedium 12. A nethod as clained in
cl ai m 11 hher i method a¥agaatedcinfdlaindd ios 1appdred the dtueeishainatdly # t he

bi oreactor. 13. The. use, of nechanically stinmulated cells in vivo to grow
tissue in sitGUFE i%abPFFé‘CE’é&W‘éSh‘ﬁmﬁgﬂP%’ﬁta,wk‘ﬁé eedivm. bei ng subj ect to
two nechanical stresses which are generated by a magnetic material capable
of generating a force in response to a magnetic field applied and

transm tigZng whmethbdraseldmed reclnins 4 U evhemimttrgmagetik fietd & gplied ived i n t hat
t he nmechani cal stress gl ied result froma linear translational notion
of magnetic rrﬁi‘tg?"iaﬁy °?ﬁ‘°g’ﬁ 589P% ed magnetic fiel d.

13. The use of mechanically stimulated cells in vivo to grow tissue in situ within
the body of a patient, the cells being subject to two mechanical stresses which
are generated by a magnetic material capable of generating a force in response
to a magnetic field applied and transmitting that force to the tissue forming
cell, characterised in that the mechanical stresses applied result from a linear

translational motion of magnetic material in an applied magnetic field.

14. A method as claimed in any one of claims 1 to 13 wherein the cells being

cultured are for forming connective tissue.

15. A method as claimed in claim 14 wherein the cells being cultured are for

forming bone, cartilage, ligament or tendons.

16. A method as claimed in any one of claims 1 to 15 wherein two or more

different cell types are cultured.

17. A method as claimed in claim 16 wherein different stresses are applied to the

different cell types.

18. A method as claimed in claim 16 or 17 wherein the cells being cultured

comprise bone-forming cells and cartilage-forming cells.



14. A nethod as clainmed in any one of clains 1 to 13 wherein the cells
being cultured are for forming connective tissue. 15. A nethod as_cl ai ne

in claim14 wherein the cells being cultured are for formng bonkl JUN2W5
cartilage, liganent or tendons. 16. A nethod as clainmed in any .one of
clains 1 to 15 wherein two or nore different cell types are cultured. 17.
A nethod as clainmed in claim 16 wherein different stresses are applied to
the different cell types. 18. A nethod as clainmed in claim16 or 17
wherein the cells being cultured conprise bone-formng cells and
-cartilage-formng cells. 1 0 JUN 2005 14 19. A nethod as clained in any
one of cl a.ns A hethdd awbkimedint 418 dnerof eRifpPhs ¢8 wieeeih ife fpdes apsliedscaf f ol d
are in the ran 0.01 to 100 .pi coNewt ons. 20. A bi oreactor haV|ng an inlet
and an outl et eaeléwrtseiﬁo ﬁr@ﬁﬁlﬂrﬂlﬁﬁag%gph& 10} pigeliewtamsans for applying a
vari abl e magnetic field within the bioreactor. 21. A bioreactor as clained
in claim20 wherein the means for applying the variable magnetic field
conprise 2m el Qcmbﬁm@mtwmgan if\ldoiad @A GiutlEt RS aChilhi® dnddiurk laad ek Wherein
t he means for applying the variable gnetlc field conprises at |east one
per manent nag nEﬂOVW%ﬂéWaPé forapplying avarap tmaséetﬁvoﬁﬂﬁewﬂu@ﬂ@dmreactor

21. A bioreactor as claimed in claim 20 wherein the means for applying the

variable magnetic field comprise an electromagnet.

22. A bioreactor as claimed in claim 21 wherein the means for applying the
variable magnetic field comprises at least one permanent magnet which is

moveable relative to the bioreactor.




