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PROCESS FOR. MANUFACTURE OF A MICRO-CHAMBER ARRAY

‘Technical Field
The present invention generally relates to a process
for making a micro-chamber array. The present invention

also relates to a micro-chamber array.

Background
Advanced drug”fqrmulations deal with the elaboration

of delivery systems that provide controlled release of

biéactive Ematerials "or a target cargo. In general,
immobilizing (pattérning)' of the target cargo can be

‘classified into four categories, - namely a) covalent

binding, ' b) physical adsorption of target molecules onto
solid supports, c) ‘entrapment inside'poré microspheres or

hydrogels, and d) - confinement within a semi-permeable

.membrane.

There are several disadvantages associated with the
method:loff covalent binding‘ and the method of physical
adsorption of target moleéules onto solid' supports.
Firstly, such methods often have limited flexibility din
terms of the choices of materials that can be loaded onto
the solid supports or that can be covalently bonded with
the support. Secondly, such methods often result in the
detrimental effects of binding forces (matrix effects) due
to the contact of the target cargo with another surface.
Furthermore, the target cargo of such methods is often
exposed to harsh environment conditions such as oxidation,
UV irradiation, and'pH etc. On the other.hand, one of the
prbblems associated With the meﬁhod'of entrapment of the
cargo inside pore microspheres or hydrogels 1is the
possibility of leakage of the cargo into thevsurrouhdings.

One of the current methods for'immobilizing a target

cargo is membrane confinement. In membrane confinement,
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the target cargo is encapsulated  within the polymer

matrices or in the core-shell structures. In the latter,

'the shell degradation rate determines the release rate of‘;

the target cargo. Such a method may be utlllzed 1n the
dellvery of a varlety of blologlcally active agents as the

fllms are dlssolvable upon appllcatlon of the required

_external stlmulus"to release the Dbiological agents.

However, the films produced by such -a method are usually.
thin and fragile. When the thin films are subjected to

stress . partial or .even complete rupture of the membrane

.Lmay result This may cause 'damage to the cargo or
_fundes1red leakagefjofv'the cargo contained within the

’,membrane ﬁ Furthermore such a method has';limited

appllcablllty with regard to the polymer spec1es used to
produce the films and often harsh conditions have to be

used for film decompos1tlon or polymerlzatlon. Such harsh

~conditions for film decomposition include low pH,

oxidizing  agents, ‘organic - solvents and elevated
temperatures.

Another -approach is to 1load tnicrocapsules with the
cargo ‘and then immobilize the microcapsules into the
micro-wells. In this approach, the microcapsules can
unload their content depending on the environmental
conditionsl However, ~such ’a method has only limited
applicability with regard to the polymer species used to
produce the microcapsules and the environment in which the
films are exposed. Disadvantageously, such a method has
limited applicability with regard to the type of cargo as

the microcapsules are maintained in an environmental

-condition that allows for the loading and unloading of

only a single type 0r ‘cargo. Furthermore, 'in the  known
method for loading microcapsules, the microcapsules have
to be formed around a core.which is then removed by

dissolution or degradation, which is very time consuming

2
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and increases the time and expense of manufacturing the

‘micro-array.

Accordingly, there' is a need to provide a micro-
chambe: array that 6vércomes, or at least améliorates, the.

disadvantages mentioned above. Therefore, it isfanﬁobject

.of the present invention to provide systems having

_cohtrollable or 'adjustable loading as wéll as release

properties.

Summary

Aécdrding to .'a first aspect, there 1is provided

. process for making a micro-chamber array comprising (i)

15

20

25

30

‘apﬁlyiﬁgfa’first.léYér_on a substrate havihg ap:array of

‘micro-Wélls disposed on said substrate; (ii)iloading cargo

into the layered  micro-we11sv'Qf the substrate; (iii)
applying a sealing layer to ‘the 1loaded cargo to
encapsulate the cargo therein between said first layer and
said sealing layer; and (iv) removing the substrate from
the first layer to form the micro—chamber' array having

plural wicro-chambers, each  of said micro-chambers

- comprising an outer layer defining a .  micro-chamber

interior having said cargo therein

Advantageously, the disclosed process may be highly
reproducible and may be used to fabricate different types
of micro-chamber arrays that may be used for containing a
wide variety of cargo in the chambers. |

Advantageously, the disclosed process enables rapid

~ fabrication of the microchambers compared to prior art

fmethods."This leads to a lower relative cost of

manufacture. Additiohally,' because the _Cargo is loaded
directly into the micro—weil, there is‘moré accuracy and
less errors associated with the disclosed procesé. More
advantageously, the walls of "the microchambers or micro-

wells do not necessarily have to possess tunable
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permeability towards a cargo to load and successively
release it or indeed be supplied with the cargo as in a
known prodess; Hen¢e, ‘the present method significantly
brdadens the variety'of cargo that could be loaded.

According to _a second aspect, ‘there is. provided a

process for releasing the cargo from at least one micro-

chamber in the micro-chamber array made in the process of
the first aspect, comprising at least one of the following
steps: (i) rupturing at least one of the first layer and

the sealing layer of the at least one micro-chamber; and

-(ii)_ changing an  environmental condition to render at
xléaét:one of the first layer and the sealing layers of the

at least one micro—dhamber permeable to said cargo-

Advantageously, . by  rupturing or changing the
environmental condition, -one’ or more chambers of the
disciosed micro-chamber arréy may be configufed to release
the cargo contained therein. The one or more chambers may
be selected independently from the other chambers to
release the <cargo contained therein. The one or more
chambers may be selected bésed on its position in the
micro—chamber array. The release of one or more chambers
of the disclosed micro-chamber array may be carried out in

a time specific manner. In one embodiment where laser is

‘used to release the cargo, the user can decide when to

switch on the 1laser, thus releasing the contents of the
target chamber. This then defines the time when the cargo
loaded in this chamber will be released in one pulse. In
another embodiment,  the size of the hole made in the roof

of the miéro-chambei'can be controlled, thus delaying the

‘release of the cafgo from the target chamber and hence

" controlling the duration of the release.

According to one embodiment, there is provided a
micro-chamber array comprising a surface, a plurality of

micro-chambers on the surface, wherein each of said micro-

4
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chambers comprises an outer layer defining a micro-chamber
interior having cargo therein; and a thermal conductor in
thermal ucemmunicatieh with said outer laYer"andi being.
configured to rupture‘said'micro—layer on application.Ofa
heat. | ' | | ‘ |

Advantageously, the micro-chamber array may be used

to store and contain a wide variety of cargo.

Advantageously, the presence of the thermal conductor
may aid in the release of the cargo from a speeific micro- .

chamber on the mlcro chamber array. This may allow for the

»'v_selected release of a de51red cargo.
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Definitions_

The following'words and terms used herein shall have

‘the meaning indicated:

The term “cargo” is to be 'interpreted broadly to
refer to any substituent material, liguid or gas that can
be contained in the micro-chamber(s). The cargo may
include substituent materials selected from the group

consisting of proteins, antibodies, antibody fragments,

enzymes, peptides, growth  factors, drugs, biocactive
agents, DNA fragments, .DNA, RNA fragments, RNA,
polysaccharides, colloidal particles, nahocrystals,

precipitates, and mixtures thereof. The cargo may include
liguids such as aqueous solutions, oils, oil-based liquids
or solutions containing micelles.

The term “biocactive agentsﬁ is to be interpreted

~broadly to refer to molecules or compounds that are

capable'of altering, antagonizing or promoting biological
or chemical events. The bioactive agent may work by having
either an agonistie or antagonistic effect on a . receptor

and hence, may affect the activities of that receptor such

- that the bioactive agent may be used for treating or

preventlng diseases which is mediated by that receptor.

5
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‘Hence, in one embodiment, the term “biocactive agent” may

refer to a drug.

The term ‘“environmental condltlon" is  to be
lnterpreted. broadly to refer to any external condltlon
that when applled tonthe m;cro—chamber array, 1is capable

of causing the first layer or sealing layer (or both)

making up the microQChamber to release the cargo contained

in’ the micro- chamber The external condition may be

applled to’ the mlcro chamber to at least partially rupture

‘the’ flrst layer and/or sealing layer or may be conflgured

' fto tune the permeablllty of the first layer and/or seallng

layer such that the cargo therein may be released from the

'mlcro chamber while keeplng the first layer and/or sealing

layer structurally 1ntact The environmental condltlon may
be selected from the group'consisting of pH, temperature,

ionic strength, magnetic field, ultrasound, light,

_ presence or concentration of a solvent, concentration of a

trigger compound, and a combination thereof.

The term “nan01mpr1nt lithography” is to be
1nterpreted broadly to include any method for printing or
creatlng a pattern or structure on the micro/nanoscale on
the surface of a substrate by applying a mold with the
defined pattern cr structure on the surface at certain
temperatures' and  pressures. A method of nanoimprint
lithography can be referred from US Patent Number
5,772,905. ‘ |

The term “microscale” is to be interpreted to include
any . dimensions that;are in the range of about 1 (pm) to
abQut-lOO um. Theiterms “microWells" or “micro—chambers"
as used herein, refer to corresponding'wells or_chambers
comprising “microscale” features. |

The term “nanoscale”(is tc be interpreted to include

any dimensions that are below about 1 um.
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The term “plasma treatment” 1is to be interpreted

»broadly. to 'include.:any exposure of Ea surface vtovjplasma.'

such that organic contaminants on the surface are at least

partially destroyed. . Generally, such plasma is a low-

‘pressure oxidative plasma such as oxygen (0,), argon, and

mixtures of oxygen and argon, generated with a radio

frequency (RF) or microwave source.

The . word _“substantially” does  not exclude

“cOmplétély” e.g. a composition which is “substantially
:ﬁrée” from Y may be completely free from Y. Where

'néééssary,f the word.‘“substantially” ‘may be omitted from

the definition of ‘the invention.
" Unless specified otherwise, the terms "comprising"

and "comprise", and grammatical variants thereof, are

intended to represent "open" or "inclusive" language such

that they include recited elements but also permit

_inclusion of additional, unrecited elements.

As used herein, the term "about", in the context of
concentrations of . components of the fdrmulations,
typically means +/- 5% of the stated value; more typically
+/- 4% of the stated value, more typically +/- 3% of the
stated value, more typically, +/- 2% of the stated value,
even more typically +/- 1% of the stated Value, and even
more typically +/- 0.5% of the stated value.

Throughout this disclosure, certain embodiments may
be disclosed in a range format. It should be understood
that the desériptioh in range format is merely for
conveniencé and brevity and should not be construed as an
inflexible limitation on the scope of the disclosed
ranges. Accordingly, the description of a range should be
considered to have spécifically disclosed all the pdssible

sub-ranges as well as individual numerical values within’

that range. For example, description of a range such as

from 1 to 6 should be considered to have specifically

7
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disclosed sub—ranges such as from 1 to 3, from 1 to 4,
from 1 to 5, from 2Eto 4, from 2 to 6, from 3 to 6 etc.,
as well “as individual numbers w1th1n that range, for'
example, 1, 2, 3, 4, 5, and 6. This applles regardless of
the breadth of the range.

Certain embodiments may also be described broadly and

generically herein. Each of the narrower species and

,subgeneric'groupings falling within the generic disclosure
,alsb form part. ofj'the disclosure This includes the

generlc descrlptlon of the embodlments with a proviso or
negatlve llmltatlon remov1ng any subject matter from the

genus, regardless Qf whether or not,the exc1sed material

is specifically recited herein.

Detailed Disclosure of Embodiments

Exemplary, non-limiting embodiments of a process for

- making a micro-chamber array will now be disclosed.

The process for making a micro-chamber array may
comprise the steps‘of'(i) applying an first layer on a
substrate having an'array of‘micro—wells'disposed on said |
substrate;'(ii) loading cargo into the layered micro-wells
of the substrate; (iii) applying a sealingrlayer to the
loaded cargo to encapsulate the cargo therein between said
first layer and said sealing layer; and (iv) removing the
substrate from the first layer to form the micro-chamber

array having plural micro-chambers, each of said micro-

- chambers comprising an outer layer defining a micro-

-chamber interior having said cargo therein.

The process may comprise the 'step. of providing a
substrate which serves as a template for deposition of the
first layer and sealing layer. The template may be a
sacrificial template in which the template may be

destroyed during manufacture of  the micro-chamber array
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such that the 'substrate does not form part of the
resﬁltant‘micro—chamber array. o

| The_sﬁbstrate may be a pdlymer substraté'althodgh any
material thét is capable of being imprinted by a mold can
be used. FQr example, in other embodiments, the substrate
méy be silicon or silicon based materials such as glass.

In another embodiment, the substrate may be Gallium (III)

‘arsenide. In a further embodiment, the substrate may be

fsapphire;

jf AdvantageOusly; fthe_ process comprises the step of

seiécting L a thetmbplastic polymer as the = polymer

substrate. In one .embodiment, the process comprises the

step of_selectiﬁg the monomers to form the'thermoplastic

'pqumef' from the  group consisting of acrylates,

phthalamides, acrylonitriles, cellulesics, styrenes,
alkyls,. alkyls methacrylates,  alkenes, | halogenated
alkenes; amides, imides, aryletherketones, butadienes,
ketones,‘ esters, acetals, carbonates and combinations

thereof. In one embodiment, the thermoplastic polymer 1is
at least one of a polystyrene, a polymethyl methacrylate
and a poiycarbonate. Exemplary monomers to form the
thermoplastic polymer may be selected £from the group
consisting of methyls, ethylenes, propylenes, methyl

methacrylates, methylpentenes, vinylidene,- vinylidene
chloride, etherimides, ethylenechlorinates, urethanes,
ethylene vinyl alcohols, fluoroplastics, carbonates,
:acrylonitrile—butadiéne-styrenes, etheretherketones,
ionomers, butylenés, - phenylene oxides, sulphones,

ethersulphones, phenylene sulphides, elastomers, ethylene
terephthalate, - naphthalene terephthalate, "ethylene
naphthalene and combinations thereof. '

In another embodiment, the polymer substrate may be a

photoresist material. Suitable photoresist materials

include epoxy based negative resists such as SU-8™ resist

S
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available from Micf@Chém Corp.’of Newton,-Massadhusetts,'
United States of.America. »

The . polymer substrate may be a pdlyﬁer rcomposite
wheréby pafticles may be added to or incorporated with the
pplYmer;. These particles may be selected ffom the group
consisting of calcium carbonate, carbon filler, glass

filler, fibers, glass fibers, carbon fibers, carbon

~nanotubes and mixtures thereof.

The substrate may comprise a plurality of imprints on
théf surfaée. In one embodiment, the imprint may be a

micio-wéll@ The-probess may comprise the step of formihg

the imprints or'imicro—wells on the substrate. The

imprints may be formed on’ the’ surface of the substrate by

employiﬁg e-beam lithography, nanoimprint lithography,

'photolithography, or some other suitable lithographic

techniques. In one embodiment, the step of forming the
imprints or micro-wells on the substrate comprises using
nanoimprint lithography to form the micro-wells.

Nanoimprint lithography comprises - the steps of
applying a mold under pressufe to a polymer substrate that
is above its glass transitibn température or melting
temperature to form the micro-wells thereon; cooling the
polymer substrate to a temperéture below its glass
transition  temperature or meltingb temperature; and
demolding the polymer substrate.

The mold may have a defined imprint forming surface

“and may: be applied onto the substrate at a defined

temperature and pressure for a defined period of time. The

temperatufe, pressure and time duration to be applied will
be dependent on the polymer substrate used and the
imprints to Dbe formed 6n ﬁhe surface of the polymer
substrate.

The mold may be made of any suitable material ﬁhat is

Chemically inert and may be harder than the softened

10
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substraté when used;at the applying temperatUre.‘The mold
may havé a low surface energy so that any demolding can be
carried out without destroying the imprinted structure.
Hence, the mold may be selected from the group consisting
offsilicon; metal, gléss, quartz, ceramic and combinations
ﬁhéreof.- - |

The imprint forming surface on the mold may be made

up of columns such that corresponding holes are formed in

”:-:théisubstrate. The columns may have defined heights and

‘»10 widths in the mibro/nanoscale in. which the " minimum

dimension of the height or width (diameter) of the columns
is 500 nm. The columns mayibe spéced apart from each
bther. | v | B o ‘ .

Thé méld may bejtreated with an anti-stiction agent
such as a silane-based anti-stiction agent before épplying
the mold to the substrate.

‘The temperature for nanoimprint lithography may be
selected to be above the glass transition temperature (Tg)
or melting temperature of the polymer substrate. The
imprint temperature may be higher than the = glass
transition' temperature by at least about 40°C, at least
about 50°C, at least about 60°C, at least about 70°C, at
least about 80°C, at least about 90°C, or at least about
100°C. At this imprint temperature, the polymer substrate
softens and may conform to the shape of ﬁhe mold such that
an imprint is created on the surface of the polymer
substrate -whereby  the pattern of the imprint may be
compleﬁentary to thévpattern on the mold when the polymer
substrate 1is cooled and subsequently .hardened.v For
example, if the mold has columns, when the mold is applied
onto the surface of the polymer substrate, the columns on
the mold may result in correspondihg holes on the polymer

substrate. In other words it is negative replica of the

mold.

11
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The imprint temperature may be selected from the
group consisting of ‘about 120°C to about 200° C, about 140°C
to about 200°C, about 160°C to about 200°C, about 180°C to
about 200°C, about 120°C to about 140°C, about 120°C to
about 160°C and about 120°C to about 180°C. In one

embodiment, the imprint temperature is about 140°C. It is

]to be noted that the imprint temperature should be hlgher-
;than the glass trans1tlon temperature, but lower than the

:temperature, at which decomposition of selected polymer

starts »
' The 1mpr1nt pressure used may be selected from the
group cons1st1ng of - about .10 bars to.about 50 bars, about
20 bars to about 50 bars, about 30 bars to about 50 bars,
about 4d bars to about 50 bars, about 45 bars to about 50

bars, about 10 bars to about 20 bars, about 10 bars to

about 30 bars, about 10 bars to about 40 bars and about 10

bars to about 45 bars, In one embodiment, the imprint

‘pressure 1is about 40 bars. The higher the pressure, the

faster is the 1mpr1nt process.

The tlme period used when applying the mold to a
surface of the polymer substrate may be in the range of
about 4 minutes to about 20 minutes, about 8 minutes to
about 20 minutes, about 12 minutes to about 20 minutes,

about 16 minutes to about 20 minutes, about 4 minutes to

about 8 minutes, about 4 minutes to about 12 minutes and

about 4 minutes to:about 16 minutes. In one embodiment,

‘the time period used is about 5 minutes.

The pressure may be released after cooling the
polymer substrate to a temperature below its glass
transition temperature or melting temperature. The
pressure release temperature may be lower than the glass
transition or other relaxation temperature} or melting

temperature of the polymer substrate. -

12
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”vThe'pfocess maY_éompriSe‘;he Step‘qf plaéma'etChingv
the micro-wells after the demolding stééQ;f"' | :  ' .,

The shape of the imprints may be of a defined shape

when viewed from the}top of the imprint. The shape of the

imprint may Dbe ‘sﬁbstantially circular, oval-shaped,

square-shaped, trapezoidal-shaped or rectangular. Hence,

when referring to the dimension of the imprint, this may

".;befinterpreted to as referring to the longest dimension of

20
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'”5thé; impriht, suchf-as the diameter or length of the

10

imprint;‘ as approp?iate, depending on the ‘shape ¢f' the
imprint. In other -embodiments, the shape of the imprint

may not be defined,  that is, the imprint may have an

~irregular shape, when viewed from the top of the imprint.

_ The dimension ‘of the imprint may be in the range
selected from the group consisting of about 0.5 microns to

about 100 microns, about 5 microns to about 100 microns,

‘about 10 microns to about 100 microns, about 20 microns to

about 100 microns, about 30 microns to about 100 microns,
about 40 microns to ébout 100 microns, about:SO microns to
about 100 microns, about 60 microns to about 100 microns,
about 70 microns to about 100 microns, about 80 microns to
about 100 microns, about 90 microns to about 100 microns,
about 0.5 microns to about 5 microns, about 0.5 microns to
about 10 microns, about 0.5 microns to about 20 microns,

about 0.5 microns to about 30 microns, about 0.5 microns

:to ‘about 40 microns, about 0.5 microns to about 50

microns, about O.5vmicrons to about'60 microns, about 0.5
microns to about 7ojmicrons, about 0.5 microﬁs toiabout 80
microns and about 0.5 microns to about 90 microns.

The depth of the impfint;méy be in the range selected
from the group consisting of about 0.5 microns to about
100 microns, about 5 microns to about 100 microns, about
10 microns to about 100 microns, about 20 microns to about

100 microns, about 30 microns to about 100 microns, about

13
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40 mlcrons to about 100 mlcrons 'about 50 mlcrons to about

100~m1crons, about 60 mlcrons to about 100 mlcrons about,

70 microns to about 100 microns, about 80 microns to about

100 microns, about 90 microns to about 100 microns, about
0.5 microns to about-5 microns, about 0.5 microns to about
10 microns, about d 5 miCrons to about 20 microns, about

0. 5 mlcrons to about 30 microns, about 0.5 microns to

‘about 40 microns, about 0.5 microns to about 50 mlcrons
Vabout 0. 5 microns to about 60 mlcrons about 0.5 microns

to about 70 mlcrons, about 0.5 microns to abdut 80 microns

and about 0.5 mlcronS'to abouti90 microns.

The aspect ratio of the imprint, defined as the ratio

- between the diameter or length of the imprint to the depth

of the imprint, may be in the rangé selected from the
group consisting of about 0.5 to about 5 (that is, about

1:2 to about 5:1), about 1 to about 5, about 2 to about 5,

~about 3 to about 5, about 4 to about 5, about 0.5 to about

1, about 0.5 to about 2, about 0.5 to about 3 and about
0.5 to about 4. _

The imprints may be arranged in a regular array such
as for exaﬁple, a rectangular array, a pentangular array,
a circular array or may be arranged in an irregular array
such as a trapezoidal array.

The number of imprints (such as micro-wélls) per mm*

of the substrate may be in the range selected from the

group consisting of 1 to about 10° imprints, about 100 to
about 10° imprints, about 1000 to about 10° imprints, about
10* to about 10° imprints, about 10° to about 10° imprints,
1 to about 10 imprints, -1 to. about 100 imprints, 1 to
about lOBIimprints, 1 to about 10° 1mpr1nts, 1 to about 10°
imprints and 1 to about 10° imprints.

About 70% to about 100% of the imprints (such as
micro-wells) may be filed with the cargo, or at 1least

about 70% to about 75%, about 70% to about 80%, about 70%
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to about 85%, about 70% to about 90%, about 70% ;o about
95%, about.75% to about 100%, about 80% to abQut le%,

about '85% to about 100%, about 90% to about lOQ% and about

95% to about 100% of the imprinfs may be filled with the
cargo. '

The  imprints 'may define a region for- storing or

‘cohtaiﬁi@g_the cargo in the region. In one embodiment, the
’;imprint fegion may be the depressed region (that is, the

‘base) of a micro-well.

The applying 'Stép (iii) may comprise " the ‘step of

assembling a plurality of  layers of alternating'charge dn.

the substrate having an array of micro-wells disposed on
the substrate. Thé assembling 5étep may comprise
alternétively exposing the substrate to solutions of
cationic-polymerband anionic polymer.:

The layers of alternating charges may be deposited to

form a first layer on the surface of the polymer

substrate. The layers of alternating charges may‘be term
as a polyelectrolyte membrane (PEM) layer or £f£ilm. Each of
the layers to bé deposited may comprise a polymer or may
comprise aAnanoparticle. At least two different types of
polymers of opposite charges may be used to form at least
two layers successively, each layer comprising one type of

polymer. The nanoparticle may be a thermal conductor such

~as a metal. The metal may be selected £from the group

consisting of silver, copper, gold, aluminum, iron,
platinum, and an alloy of any of the foregbing. |
The first layer may be deposited onto the polymer
substrate'using a layer-by-layer depositibn technique. In
this technique, the polymer substrate may'beusubjected to
a series of dip-coating steps in which the polymer
substrate may be dipped into alternating solutions of an
anionic polymef and a cationic polymer. After each

dipping, the polymer substrate may be washed to remove any
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non-adsorbed coﬁponenﬁs. These steps of dip-coating and
washing may be repeated for a number of times in order to
achieve the desired thickness.of thevfirst layer. A bi-
layer includes two layers of alternating éharge. In one
embbdimentf the number of bi-layers deposited may be at
léaSt LOA at least 15, at least 20, ét least 25, at least

30,  at least 35, at least 40, at least 45, more than 50

andfmoreithan 55.

The  minimal number of bi-layers or the  critical
thickness of first 1aYer needed to prévent_collapse‘of the
microchamber depends on ‘the ' size and. shape of micro-
chamber and the Young’s modulus of the first layer. The
largér is the micro-chamber, the thicker éhbuld. be the
first iéyef and vice:versa. The higher the Young;s modulus
of”thé first la?érfis, the thinner the first layer can be.

In one embodiment where the first layer is made up of

alternating layers of PAH-PSS, thevYoung’s modulus of this

first layer is is in the range 300-700 MPa. The critical
thickness is about 400 nm for cylindrical micro-chambers
having 7 microns in diameter. The upper limit to the
number of bi-layers is the ratio between the first layer
thickness and the diameter of the micro-well. If the first
layer fills the well completely, the micro-chambers will
not have any room fér_housing the cargo. |

" The thickness éf the first layer may be in the range
selected from the group consisting of about 400 nm to
about 600 nm, about 400 nm to about 420 nm,iabout 400 nm
to about 440 nm, about 400 nm to about 460 nm, about 400
nm to about 480 nm, abou£-4ob:nm to éboﬁt 500 nm, about
400 nm to about 520 nm, about 400 nm to about 540 nm,
about 400 nm to about 560 nm, about 400 nm to about 580
nm, about 420 nm to about 600 nm, about 440 nm to about
600 nm, about 460 nm to about 600 nm, about 480 nm to

about 600 nm, about 500 nm to about 600 nm, about 520 nm
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to about 600 nm, about 540 nm to about 600 nm, about 560

'nm to about 600 nm and about 580 nm to about 600 nm. In

one embodiment, the thickness of -the coating may be about

500 nm.

The . thlckness of each layer may be controlled by

;adjustlng the pH or 1on1c strength of the dlpplng solution
'jso. that = the thlckness of each layer may be -adjusted

'between. about 0.5 nm and about 80 nm. Hence, the dlp—

coatlng technlque may result in a flrst 1ayer in Wthh the'
1nd1v1dua1 layers have a dlfferent thlckness from each
other. .

The ahionic solution may compriee an anionic polymef.
The anionie polymer may be formed from anionic monomers
selected from the group consisting of acrylic acid,

methacrylic acid, ethacrylic acid, maleic acid, itaconic

~acid, 24acrylamido¥2—methylprepanesulphonic ~acid,

~ vinylsulphonic acid, vinylsulphuric acid, vinylphosphonic

acid, vinylacetic acid, styrenesulphonic acid,
styrenesulphuric acid, crotonic acid, allylacetic acid,

and 4-methyl-4-pentonic acid, acrylamido methyl propane

.sulphonic acid, ammonium and alkali metal salts thereof

and combinations thereof.

The anionic = polymer -may be an anionic

polyelectrolyte. . The anionic polyelectrolyte may Dbe

~selected from the group consisting of gum arabic, anionic

polysaccharide, alginate, ‘pectin, agaf,»: carrageenan,
poly(2-acry1amido—2—methyl—1—propanesulphonic  acid),
poly(2-acrylamido—2~methyl-1—propahesulphonic acid-co-
acrylonitrile)acrylonitrile, poly(4-styrenesulphonic
acid), poly(4-styrenesulphonic acid-co-maleic acid),
poly(sodium acrylate), poly(sodium 4-styrenesulphonate),
sodium poly (vinylsulphonate) , sodium

polyanetholesulphonate ‘and combinations thereof. In one
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embodiment,ithe aniQnic polyelectrolYte is poly(sodium 4-
styrene sulfonate) (PSS).

In one embodiment, the anionic soiution may be a
colloidal solution of gold nanoparticlesf

The cationic - solution may comprise a cationic

ipolymef.;The catioﬁic polymer may be formed from cationic
*mohOmeij ‘selected. . from the :-group consisting .of

‘dimethyldiallyl - ammonium chloride, - ethyleneamine,

ethyleneimine methecrylamido propyl trimethyl 'ammonium

chloride, 2—methecryloyloxyethyl trimethyl ammonium
chloride, 2-methacryloyloxyethyl trimethyl = ammonium
methosulfate, diquaternary ionene and combinations

therecf. In one embodiment, the <cationic polymer 1is

ley(etHyleneimine)f(PEI).

The  cationic pelymer may be a cationic

polyelectrolyte. The cationic polyelectrelyte may be

~selected from the group consisting of gelatin (such as

gelatin A or gelatin B), chitosan, whey protein, whey
protein, albumin, beta-lactoglobulin, potato protein, faba
bean legumin, soybean = protein, poly (acrylamide-co- -
diallyldimethylammonium | chloride), polykallylamine
hydrochloride), poly(diallyldimethylammonium chloride) and

combinations thereof. In one embodiment, the cationic

"polyelectrolyte is poly(allylamine hydrochloride) (PAH) .

In one embodiment, a cationic polymer such as

poly(ethyleneimine) is deposited on the polymer substrate

to form a first layer thereon. Subsequently, alternating

layers of a cationic /polyelectrolyte such as
poly(allylamine hydrochloride) and an anionic
polyelectrolyte such as poly(sodium 4—stYrene sulfonate)
are successively deposited on the PEI layer.

In another embodiment, a colloidal solution of gold

nanoparticles may be used to form one or more negatively

eharged layer(s) instead of PSS. As an example, a 1ayer of
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gold nanoparticles may be deposited after each tenth PSS-

- PAH bi-layer.

The concentration of the anionic or catiocnic solution

may independently be from the range selected from the

;gr¢up consisting'ofiabout 1 mg/ml to about 10 mg/ml, about
1 mg/ml to about 3 mg/ml, about 1 mg/ml to about 5 mg/ml,
‘about 1 mg/ml to about 7 mg/ml, about 1 mg/ml to_about 9

mg/hl, about- 3 mg/mi'to about 10 mg/ml, about;5 ﬁg/ml-to

' about 10 mg/ml, about 7 mg/ml to about 10 mg/ml, and about

9 mg/ml to about 10 -mg/ml.’

| The layers may also be deposited using techniques
such ~as spray coating, inkjet printing, brush coating,
roll coating, spin coating, soft lithography, microcontact
printiﬁg), .multi—l§Yer transfer printing, polymer-on—
polymer printing or combination ﬁherebf.' ' ‘

The process may comprise the step of sonicating the
polYmerﬁ substrate Before the depositing step. The
sonicating stép-may aid to remove anyvair bubbles that may
be trapped inside the micro-wells = in the polymer
substrate. This may ensure that the layers are deposited
in a uniform manner on the polymer substrate, without any
discontinuity or breakagé in the layer that may occur if a
bubble were present.

- The process may cbmprise the step of loading cargo
into the layered micro-wells of the substrate. The loading
step may comprise loading one or more different cargo
types into respective micro-wells. The cargo may be a gas,
liquid or a substituent méteriél. The éargo may be tagged
with a fluorescent 1label in order ' to identify desired
cargo and hence, aid in the location—speéific release of
the desired cargo. |

The cargo may be a liquid such as aqueous solutions,

oil-based liquids or solutions containing micelles.
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The cargo may be a gas. The gas may be encapsulated
in the micro-chambers during fabrication of the micro-
chamber array in a gaseous environment comprising' the
par;icuiar gas to be:encapsulated. |

The ‘cargo mayj.bé a substituent material such as a

‘protein, a recombinant protein, a purified protein, an

vantibody,'an antibody fragment, a recombinant antibody, an

enzYme, a peptide, an amino acid, a growth factor, a drug,
a biocactive agent, an immunological agent;.a nucleic acid,
a polyséccharide, a'cpllbidailbarticle; a nanocrystal, a
preéipitate, and mixtures thereof. .

The drug may’ be a therapeutic, = diagnostic,
prophylactic or progncstic. agent. The drﬁg may be an
antibiétic} an anti—viral agent, an anesthetic, a
sterbidal»:agent, an anti-inflammatory agent, an anti-

neoplastic agent, an antigen, a vaccine, an antibody, a

_ decongestant, an antihypertensive, a sedative, a birth

control agent, a progestational agent, an anti-
cholinergic, an analgesic, an anti—depréssant, an anti-
psychotic, an adrenergic bklocking agent/ a diuretic, a
cardipvascular active agent, a vasoactive agent, a non-

steroidal anti-inflammatory agent, a nutritional agent, or

_combinations thereof.

The drug may be a protein-based drug  such as an
enzyme inhibitor, a colony-stimulating  factor, a
plasminogen activator; a polypeptide hormone, insulin, a
myelin basic jproteiﬁ; a .collagen S antigeﬁ, calcitonin,
angiotensin, . vasopressin, desmopressin,’ a LH-RH
(luteinizing hormone-releasing hormone); somatostatin,

glucagon, somatomedin, oxytocin, gastrin, secretin, a h-

ANP (human atrial natriuretic polypeptide), an ACTH
(adrenocorticotropic' “hormone) , a MSH (melanocyte
stimulating hormone), beta-endorphin, muramyl dipeptide,

enkephalin, neurotensin, a VIP (vasoactive intestinal
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peptide), a CCK-8 (cholecystokinin), a PTH (parathyroid

_hormone),‘ a CGRP (calcitonin gene related peptide),

endothelin, a TRH (thyroid releasing hormone) , an

interferon; a cytokine, streptokinase, urokinase, and a

;gdeth”factor.

 _ The nucleic acid may be a.DNA, a DNA fragment, a RNA,

':a RNA fragment,'a seguence of nucleotides or a sequence of

oligonucleotides. :

The fluoresceﬁt‘iabel may be accomplished by using a
chemically reactive derivative of a fludrophore. The
reactive derivative may be selected from an amine reactive
isothiocyanate derivative (such as Fluorescein
isothiocyanate andjTetramethyl Rhodamine Iso;ThiOCYanate),
amihe reactive $u¢cinimidyl ' estérs - (such és NHS -~
flubrescéih), sulthdryl> reactive‘.maleimide aétivated..

fluors (such as fluorescein-5-maleimide) or a derivative

_ of'pery1ene, 3,4,9,10—tetra—(hectoxy—carbonyl)—peryiene.

It is to be appreciated that more than one type of
cargo can be stored or contained in the micro-well. Hence,
each micro-well may contain_the same type of cargo or may
contain a blurality of different types of cargo.

The cargo may be loaded into the micro-wells by a

~variety of processes which depend on the type of cargo to

"be loaded. For example, if the cargo is a powder, the

powder may be mechanically spread over the micro-chambers.
In another example, 1if the cargo is a dispersion of
particles such as colloidal pérticles, the dispersion may
be loaded in the micro-wells by way of template assisted
séif assembly.

The process may comprise the step' of applying a
sealing layer to theilOaded cargo to encapsulate the cargo
therein between the first layer and the sealing layer. The
sealing layer may be formed of a polymeric'material. Thé

polymeric material may be another set of plurality of
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layers that form the sealing layer. The individual layers
of the sealing layer may be applied directly onto the

loaded . cargo using the layer-by—layer deposition

.technique,f or other techniques, as mentioned above.
‘Alternatively, the eeeling layer may be formed on another

'(setond)eSUbstrateQiHere[ethe second substrate,:together

wiﬁh the:eealing layer thereon, is placed on top of the
polYmer substrate such that the sealing' layer contacts
with the first layer‘and'encepsulates'the cargo between
the first layer and sealing later. To facilitate adhesion
between the two layers, the top layer of each layer that
is exposed to each other may be of an opp051te charge. The
micro- wells may be sealed by applylng a force to both of
the-substrates or applylng heat to promote annealing of
the polymer layers:'pfesent in the first and .eealing

layers. The two substrates may be heated when placed in a

'solution such as water or a sodium chloride solution to

promote annealing of the polymer layers present in the
first and sealing layers. During heating, the annealing of
the pblYmer layers present in the first and sealing layers
may be promoted and thus ensure that the two layers seal

adequately. Although some cargo like microparticles may

not need very well sealed microchambers, additional

annealing at high temperature and ionic streéength may be

necessary for proper sealing of chemicals with average

‘molecular weight.

.The heating temperature may be in the renge selected
from the group consisting of about 60°C to about 80°C,
about 60°C to about 65°C, about 60°C to about 70°C, about
60°C to about 75°C, about 65°C to about 80°C, about 70°C to
about 80°C and abou;j75°c to about 80°C. In one embodiment,
the heating temperature is about 70°C.

The heating temperature may be. applied. for a time

period in the range selected from the group consisting of
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about 40 minutes to about 120 minutes, about 40 minutes to
about 60 minutes, about 40 wminutes to about 80 minutes,

about 40 minutes to about 100 minutes, about 60 minutes to

-about 120 minutes,;about 80 minutes to about 120 minutes
'{aﬂdf abcuti 100 miﬁutes to about 120 minutes.  In one

'embOdiment[' the time period in - which the heating

temperaturé is appliéd_for is about 60 minutes.

At least one oﬁ the first/layer~and polymeric sealing
layer may be permeablé to the éargo._The'at:least one of
the first 1layer and polymeric sealing layer may be
permeable to the cargo when exposed to an environmental
condition. '

- At‘leésﬁ one of the‘first 1ayer and polYmericjsealiﬁg
layér ﬁay Be imperméablé to the cargo; The at_leaSt 6ne of
the first  layer and polymeric sealingj layer ’méy be

impermeable to the cargo when expoéed to an environmental

- condition.

The permeability of the first layer and/or polymeric
sealing layer may be tuned or adjusted depending on the
environmental conditions of the micro-chamber array. In an
embodiment where the cardo is an oil-based solution, the
cargo may be loaded into the micro-chambers via a solvent-
éxchange method. First, the sealed micro-chambers are
introduced to an organic solvent, for example toluene that

is used for dissolving the PMMA temﬁlate. Then the cargo

‘such as sunflower oil or oil+<based solution is added to

the organic solvent. The sunflower oil or oil-based
solution is fully miscible with the organic solvent, but
has much higher viscosity and diffuses élowly into the
micro-chambers. After about an hour, excess oil is washed
away with a few drops of toluene. The o©il micro-droplets
remain entrapped in the micro-chambers. ‘

At least one of the first layer and sealing layer may

Comprisé the thermal conductor capable of rupturing at
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least one of the respective first layer and sealing layer .
upon application of local heat.

The process meyj comprise the step of removing the

v;poiyme: substrate from the first layer to form the micro-

Tchember' array havihgf plural micro-chambers, each of the

micro-chambers comprising an outer layer defining a micro-

chamber interior having the cargo therein.

‘The vblume.of the interibr of the micrb—chamber may
be in the range selected from the group eonsisting of
about 0.1 pL to about 0.5 pL, about 0.1 pL to about 0.2
pL, about 0.1 pL to about 0.3 pL, about 0.1 pL to about
0.4 pL, about O.2?pL to about 0.5 pL, about 0.3 pL to
about 0.5 pL, aboueed,4 pL to about 0.5 pL end_about 0.15
pLeto about 0.17 piLgIn one embodiment, the volumeeof the
miéro-chamber may be about 0.16 ?L. ' o -

The substrate removing step mey-compfise the step of
dissolving the polymer substrate or the step of peeling
the substrate and first layer from each other. The
substrate removing step may also comprise the step of
freezing' the polymer substfate such that the polymer

substrate can be cut away from the micro-chamber array.

- The polymer substrate may be freezed until the temperature

of liquid nitrogen. .
The dissolving step may comprise the step - of

selecting an organic solvent that selectively dissolves

.the polymer substrate but'doee not_dissblve the polymer (s)

or component(s) making wup the coating layer and the
sealing 'coat. The organic solvent may _be an aromatic
solvent such as toluene or benzene. The organic solvent
may be an aliphatic solvent such as chloroform, methyl
ethyl ketone (MEK);‘ methyl isobﬁtyl' ketone = (MIBK),.
dimethyl sulphoxide'(DMSO),.N—methyl—2-pyrrdlidoneﬁ(NMP)f

dichloromethane (DCM) .or tetrahydrofuran (THF);
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In an embodiment where the polymer substrate is PMMA,

the organic solvent ﬁsed is toluene. The process may

-comprise . the step of removing the orgahic solvent. The
gremov1ng step may comprlse the step of drying the micro-

“well array in order! to remove the organlc solvent.

' After the polymer substrate is removed the resultant
product 1s‘ then thejxnlcro—chamber array made up of the
first layer and sealed with the“sealihg layer as mentioned
above. The micro-chambers in the array may_eachbcontain
one or more cargo as mentioned above.

| The £i11- rateh>:f the micro—chambers: (defined as

percentage . of mlcro chambers that are filled with the

fcargo) depends strongly on the loadlng method and the type"

of cargo to be loaded Solvent- exchange method mayvresult“

in a mnearly 100% fill-rate while template-assisted

-assembly of colloids may give about 98% of loading for

melamine formaldehyde particles. The £fill-rate may be
about 40% or even lesser for glass beads. '
The process may comprise the step of releasing the

cargo from at least one micro-chamber in the micro-chamber

. array. Hence, there is provided a process for releasing

the'cargo from at least one micro-chamber in the micro-
chamber array' madeb as disclosed above. The process for
releasing the cargo may comprise at least  one of the
following steps: (a) rupturing at least one of the first
layer and the sealing layer of the at least one micro-
chamber; and (b) changing an environmental condition to
render at least one of the first layer and the sealing
layers of the at least one micro-chamber permeable to said
cargo. .

The releaSing Step may at least partially rupture all
of the micro- chambers or may selectlvely :at: least

partially rupture a selected micro-chamber. The rupturingv
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step may be undertaken under conditions to selectively
release the cargo from the micro-chamber .array

 The environmental condition may be selected from the

fgroﬁp‘_consisting’ df{,pH; temperature, 1ionic strength,

maghetic : field, = ultrasound, ~ light, = presence  or
cbnéentration of af solvent, éoncentration of a trigger
compound; and a combinétion thereof.

 =When the environmental condition is pH,:the PH to be
used .depends on the polyelectrolyte couple and ionic
strength. When the ionic strength is high’  (higher than
about 150 mM), the high ionic strength weakens the

electrostatic interactions between the oppositely charged

-poiyelecﬁrolytes in:;the first layer or in the:'sealing

layer. Thus, the permeability of at least one of the first
layer or the sealing layer increases. The film COmposed of

polyallylamine/poly (sodium 4-styrene - sulfonate

- disassembles at pH higher than 10 and release the content

of the micro-chambers.
When the environment condition is ultrasound, high

power ultrasonic treatment may cause the mechanical

rupturevofvthe chambers’ walls or the sealing layer. It is

‘to be noted that the ultrasonic power and frequency, and

ultrasouond duration depend on the stiffness of the first
layer and/or sealing layer and have to be determined each
time.

When the environmental condition is magnetic field or
light in the presence of the thermal conductor, the
environmental condition causes relaxation in  the
polyelectrolyte multilayer network méking up the first
layer and/or sealing layer and substantially increases the
permeability (magnetic £field, 1light) or‘causes chamber’s
rapture (light). The environmental cohditions, such as PH,
ionic strength, ultrasound, and magﬁetic field affect a

group of chambers.

26



10

l"'15‘ v

20

25

30

WO 2011/102809 PCT/SG2011/000071

The environmental condition may be 1light such as
laser. By means of a focused laser beam, each chamber . can

be addressed individﬁally The laser may be selected from

-1'the group cons1st1ng of wvisible (light) 1laser, dinfrared

'vlaser,"ultrav1olet laser 'and‘-neodymlum doped yttrlum'

aluminium garnet (Nd YAG) laser. In one embodlment the
laser is Nd-YAG laser operating -at a wavelength of 532 nm.
When laser is used to rupture the micro-chamber, at least
one of the first layer and the sealing layer may contain a
thermal conductor The rupturing step may eomprise ‘heating
at least ‘one of - the flrst layer and the sealing layer in
the presence of the thermal conductor ‘The heatlng step.?
may comprlse applylng a laser beam to at least one- of the
flrst layer and the seallng layer | , |

In one embodlment, the at least one of the first

layer and the sealing layer mayv contain a thermal

_conductor  such as a metal nanoparticle. The thermal

conductor may be selected from the group of chromophores
in the same wavelength as the laser consisting of silver

or gold nanoparticles, gold nanorods, natural and

-synthetic organic :dyes‘ and an alloy of any of the

foregoing. The at least one of the first layer and the
sealing layer may comprise gold nanoparticles that have
adsorption band in the same wavelength as the laser. In
the first 1layer and/or the sealing layer, one layer of
gold nanoparticles may be deposited after each tenth
polymeric bi-layer. Hence, if there are 40 polymeric bi-
layers, four layers of gold nanoparticles form part of the
first layer and/or the sealing layer. As the laser is
shone onto the seleeted micro-chamber, the light adsorbed
by the nanoparticlesvdissipates as heat, resulting in a

highly localized increase in temperature that destroys the

- surrounding the first layer and/or the sealing layer and

thereby releases the cargo therein. As the heating is
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localized, the cargo inside . that micro-chamber remains

undamaged. = In addition, the heat only affects that

ipartlcular micro- chamber while 1eav1ng the other micro-

chambers 1ntact A mlcroscope may be used to dlrect the

laser beam onto the . selected micro- chamber

The - micro-chamber may be ruptured by' applylng a
mechanical - force at a seiected speed. For example, the
diamond.tip-of a Nanoindenter machine or a needle may be
used to mechanically pierce the first layer and/or sealing

layer at a selected speed making up the selected micro-

_chamber. The mechanical force used may be applied at a

'."speed in . the rangeiselected from the group consisting cf
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‘about 0.7 mN/s to about 15 mN/s, about 1.5 mN/s to about

15 mN/s, about 10 mN/s to about 15 mN/s. In. one
embodimeht‘ the mechanlcal force used may be applled at a
speed about 0.7 niN/s or about 1.5 mN/s

There is provided a micro-chamber array comprising a
surface; a plurality of micro-chambers on the surface,
wherein each of the micro-chambers comprises an outer
layer defining a micro-chamber interior having cargo
therein; and a'thermal conductor in thermal communication
with said outer layer and being configured to rupture the

outer layer upon application of heat.

Brief Description Of Drawings
The accompanying drawings illustrate a disclosed
embodiment and serves to explain the principles of the
disclosed embodiment. It is to be understood, however,
that = the drawings are designed for purposes of

illustration only,,and not as a definition of the limits

-of the invention.

Fig. "1 1s a schematic diagram illustrating the

process of fabricating an array of ©polyelectrolyte

28



10

20

25

30

WO 2011/102809 o PCT/SG2011/000071

multilayer (PEM) micro-chambers, loading them with cargo
and releas1ng this cargo

) Flg 2 shows the Scanning Electron Microscope (SEM)

- images -of ,PEM film. w1th array of empty microchambers:

tilted view on (a) 2x4 um pillars, Scale bar - 1 pm, (b)
25%25%12 yh bricks/ Scale bar - 10 um, and (c) 7x4 um
discs, Scale bar - 5 um and (dj cross-section of 7x4 um
discs, Scale bar - 10aum.

Fig. 3 shows SEM images of arrays' of PEM micro-

-chambers sealed on the glass support, :illustrating’(a) 10,

;(b)‘20,'and (c) 40 bl layers of PEM. Scale bar - 10 Um.

_ Fig. 4 shows an-SEM image of the cross-sectlon of an
1nd1v1dual PEM mlcro chamber of 40 bi- layers. Scale.bar -
1 um Flg 5 ‘shows an.  SEM image of PMMA wells coated with
PEM (40 bl—layers) and filled with 1.87 _um melamine
formaldehyde (MF) colloidal particles. Scale bar - 5 um.

' Fig. 6 shows a fluorescence microscope image of the
PEM chambers (40 bi-layers) filled with FITC particles.

Fig. 7 shows the optical microscope images of PEM
chambers loaded withf MF particles before (a) and after
eeveral'seQuential pulses of focused Nd-YAG laser (b) to
(d) .

Fig.l.8 shows the CRM image of the micro-chambers
filled with oil: top view (¢) and cross-sectional view
(d) . Color code of the image: red = oil (1660 cm™® band
is assigned to double bond, C=C stretching); green = PEM
(1604 cm' band is assigned to C-C stretching in the
aromatic ring). All scale bars - 5 um.

Fig. 9 ‘shows: "the time—resolvedrv fluorescence
microscope images showing site-specific rélease-on-demand
of oil-soluble fluorescent dye into water by opening a

specific micro-chamber with a focused laser beam: just

before laser pulse (a) 0s; (b) 2.5s, (c) 3.75s, and (d)

5s after the pulse. Scale bar - 5 um.
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Fig. 10 shows the SEM images of micro-chambers after
probing with a Nanéindeneter tip ét (a) 0.33 mN/s, (b)
0.67 mN/s?.and (c) 1.33 mN/s loading speed. Scale?bar -5
pm. | R ' ' |

Detailed Description of Drawings"
Fig  1 describes a process of fabricating an array of
polyelectrolyte multilayer micro-chambers, loading them

with cargo and releasing this cargo. Referring to Fig. 1,

in the first step, an array of imprints 10 of a desired

diménsion and arraﬁgément_is fabricated on the surface Of':
a pblymef film 12. - This imprinﬁed polymer film 14 serves
as‘é sacrificial substrate to support the fabrication of
micro-éhémbers. Nexﬁ, a coating step 16 is carried out oh
the imprinted. polyﬁef film, wherein the film is coated
with.PEM using layer—by-layer (LbL) assembly of oppositely
charged polyelectrolytes to‘form an impfinted polymer £ilm
coated with PEM 18. In the LbL  assembly, a thermal

conductor in the form of gold particles is present in the

polymer film_layers:and hence gold is present in the walls

of the microchambers. Then in the loading step 20, the
desired cargo 22 is loaded into the micro-chambers 24. In
the following step 26, the openings of micro-wells are
sealed with another polymer“ film (not shown) and the
sacrificial polymer f£ilm 14 is dissolved. Accordingly, the
array of sealed micro-chambers loaded with desired cargo
28 1is obtained. In the next step 30, the afray of sealed
micro-chambers loaded with desired cargo is flipped over.
Finally in the 1last 'step 32, the. cargo 22 from eéch
individual micro—chamber 24 can be released by a nuhber of
means such as mechanically breaking it using a focused
laser beam 34 which heats the microchamber walls due to
the presence of the gold or a micro-tip (not shown) which

literally breaks the wall of the micro-chamber.
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Examples

. Non-limiting examples of the ‘invention = and a

comparatiVé'examplefWill be further described in greater

detail by reference to specific Examples, which'shéuld not

be construed as in any way /limiting the scope of the

invention.

Materials , ‘

Poly(allylamine hydrochloride) (PAH, Mw = 15 000),
polY(sodiuﬁ 4-styrene sulfonate) (PSS, Mw = 70 000),

poi?(ethy:le"neimine) , branched (PEI, Mw = 25 000, Mn = 10
000)  were purchased  from  Aldrich.  1H,1H,2H,2H-
peffludrddéCyltfichiorosilane "(FDTS), 96% was purchased
from Alfa ‘Aesar. ﬁlﬁorescein isothiocyanate (FITC), >90%

(HLPC) was purchased from Fluka. Sodium chloride, p.a. and

toluene, AR were purchased from Merck. Hydrochloric acid,

37% and sulfuric acid, 95-97% were purchased from
Honeywell. Hydrogengperoxide, 31% was purchased from MGC
Pure-Chémicals Singapore Pte. Ltd. All chemicals were used
as received. Colloidal gold was purchased from BioRad.
Aqueous dispersion of melamine formaldehyde (MF)vcblloidal
particles  (1.87 pm in size) was purchased from
Microparticles GmbH (Germaﬁy). Polymethylmethacrylate
(PMMA) coil'(0.0S mm thick, 600 mm width, 1 m lehgth) was
purchased from Goodfellow Cambridge Ltd. Sylcard 184

Silicone elastomer kit was purchaséd from Dow Corning Co.

- LM-ETFE sheet 25 um. thick was kindly provided by Asahi

Glass Co. Deionized (DI) water from Milli-Q (Millipore).

water purification system was used to.make all solutions.
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Example 1

Fabrication of the wells pattern on the surface of free-

standing polymer films

In this example) a pattern is fabricated on the

'>surface of a jpolymer fllm using Nan01mpr1nt thhography

(NIL). A silicon mold with cylindrical pillars (7 um in
diameter -and 4 um in height) is processed by lithography
and etching processes, which yield a high definition of

structures on the surface of the mold It is. understood

'that the type of 1mpr1nted structure is dependent on thev

mold des1gn used to form the polymer film. ‘As‘seen in. .

~ Fig. 2, a. varlety‘-of micro-chamber . shapes ‘cen be made

depending on the mold design. Fig. 2(a) illuStrates a PEM
£ilm with array of 2x4 um pillars, Fig. 2(b) illustrates a
PEM film with array of 25x25x12 um bricks, and Fig. 2(c¢)

illustrates a PEM film with array'of 7x4 upum discs while

- Fig. 2(d) shows the cross-section of the 7x4 um discs.

The silicon mold is cleaned in a piranha solution (a

3:1 mixture of 96% sulfuric acid and 30% hydrogen

'peroxide) at 140°C for_30 nﬁnutes, rinsed with Deionized

(DI) water, dried in a flow of dry argomn, and placed in a
clean oven at 100°C for 1 hour. The mold is further treated
with a fluorosilane release agent through an overnight
vapor deposition of FDTS. The NIL process 1is performed
using'ary Obducat nanoimprinter. A polymethylmethacrylate
(PMMA) sheet with a thickness of 50 um is cut slightly

larger than the mold size and placed between the cleaned

silicon wafer and the mold. The assembly 1is heated to

140°C and a pressure of 40 bars is applied for 5 minutes to
let the PMMA flow into the trenches of the mold. The

imprint process is completed by cooling the temperature to

80°C and releasing the pressure. Finally, the assembly is
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dembunted -and theijimprinted PMMA sheet subsequently

'detached‘from the méld.

Fabrication < of the . PEMs coating on the surface of

imprinted PMMA sheet’.

'~ The imprinted PMMA sheet described above is then
coated with PEM using layer-by-layer (LbL) assembly of
oppositely charged polyelectrolytes. The LbL assembly is
perfdrmed :using ~a dip-coating robot} machine (Riegler &
Kifétein. GmbH, Gerﬁaﬁy). Prior to dip-coating, the PMMA -

sheet is,sonicated*in water for 5 minutes to remove air

. bubbles that may béitrapped inside the wells. After thaﬁ,-

1s
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said_sheet_is exposed for 15 minuteé to 2 mg/ml'solution'
of ' the ‘corresponding polyelectrolyte that contains 2M
NaCl. Poly(ethyleneimine) (PEI) is applied to form a first
layer (its pH is adjusted to approkimately 5 by HCl prior

' to dip-coating) . Further alternating layers of

poly(éodium 4-styrene sulfonate) (PSS) and poly(allylamine

ihydrochloride) (PAHX are applied. At least three washings

are conducted after each adsorption step to ensure the
removal ofvall non-adsorbed macromolecules.

Referring to Fig. 3, there is shown the SEM images of
the array of PEM .micro;chaﬁbers sealed on the glass
support. 'It can be seen that the ability of the micro-
chambers to keep their shape improves substantially with
the number of bi-layers that defines the thickness of the
PEM film. With only 10 bi-layers deposited, dissolution of
PMMA and further dr?ing'result in the‘complete collapse of
the micro-chambers as seen in Fig. 3(a). Referring to Fig.
3(b), it can be seen that with 20 bi-layers deposited, the
micro-chambers exist but they are significantiy distorted.
In contrast, the PEM film made of 40 bi-layers is strong
enough to keep the micro-chambers’ shapes as shown in Fig.

3(c), albeit with a minor roof sagging and a tilted wall.
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Fig. 4 shows a cross-sectional view of the individual

PEM chamber made of 40 bi-layers. The chamber walls are

~approximately 500 nm thick. The inner volume "of the

chamber is about 0.16. pL The 1nner surface of the chamber

has much larger roughness ‘than the outer one.

Loading of PEM chambers with aqueous dispersion of

c01101ds1

Mlcro partlcles 'are_ 1ntroduced into the imprinted

'wells using Template Ass1sted Self Assembly (TASA)‘process::

-durlng de- wettlng of the slurry which is conflned w1th1n a.

fluldlc cell comprlsed of two substantlally parallel. glass'
substrates. Prior to assembly of the fluidic cell, the top.
glass ‘substrate is.:rinsed. with acetone, and dried in a
flow of dry argonf'The imprinted PMMA sheet coated with

PEM described above 1is placed onto the bottom glass

_ substrate.

Next, a .thin frame of LM-ETFE film (25 um thick) is
sandwiched between said PMMA .sheet and the top glass
substrate. After that, the cell is tightened with clips. A
small hole (approximately 2 mm in diameter) 1is drilled
into the top glass substrate .using a laser, and a glass
tube (approximately 5 mm in diameter) is glued to this
hole with epoxy.

After the fluidic cell 1is assembled, an agqueous
dispersion of melamine formaldehyde (MF) .colloidal:
particles ‘is lnjected into the cell through the glass
tube. Once the slurry has completely fllled the v01d space
between the top glass substrate and the imprinted PMMA
sheet, it is forced to move slowly with dry argon flow.
Both capillary forces and gravity push the colloidal
particles into the template wells. Next, the fluidic cell

is disassembled. Particles stuck in between the wells are

removed with a wet tissue.
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T'Refefring to fFig. 5, there is shown the micro-
chambers coated with PEM and filled with = 1.87 pym MF
colloidal'particles{:lt can be seen that the partiéles are
statistically distribﬁted among:the wells, such that some

wells contain fewer particles and some are fully filled

~with the particles.

Sealing

. The imprinted PMMA film coated with PEM and with MF

beads entrapped in ﬁhé wells as described hereinabove, are |
plaéed onto a glass;substrate pre¥coated with;PEM and held
. togéther with clips. It is important to note that the

terminal iayers of  both PEM should have ;the opposite
charge for better: adhesion. Then, this assembly is
immersed into a beaker filled with toluene, and after

complete dissolution of PMMA, this . assembly is removed

~from the'beaker, washed carefully with excess of toluene
‘and allowed to dry; Further sealing 1is performed by

‘heating the assembly in water or a NaCl solution to

promote annealing of the PEMs.
Next, the film is turned over and placed onto a glass
substrate covered with a mixture of Sylcard 184 silicone

elastomer base and curing agent (wells openings towards

the PDMS precursor). This assembly is heated at 70°C for 3

hours. Finally, the PMMA film is dissolved in toluene.

Selective release of .the cargo from individual micro-

chamber _
' A seéond. harmonic of a pulsed Nd-YAG laser, Lotis
Tii, wavelength 532nm, is used for opening the micro-
chambers. The collimated laser beam is focused onto the

sample £ilm through a Nikon microscope objective, 50x

. magnification, N.A.=0.45. The size of the laser spot on

the sample film may be about 10um. The Ilaser £fluence
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incident to the Objective lens may be up to 1 mJcm‘pulse™.

The sample film is pOSitioned in the field of view of the -

same objective using an XYZ stage. By moving the_stage in

“the XY plane, one can selectively aim the laser beam onto -

a specific chamber. Observation of the film is made using
the same objective in transmission mode or in fluorescence

mode. For transmission mode, a 150 W white light source is

used To excite the' fluorescence, the sample film is

directly' irradiated by a collimated beam of a - CW AOTK

'diode laser (50 mWL wavelength 532nm or 473 ‘nm depending

onia’dYe used) . The'images are recorded byva CCD camera

connected to a computer.

- Example 2
Loading of PEM chambers with dry powder

Fluorescein isothiocyanate (FITC) powder (1-3 um

crystals) is mechanically spread over the openings of the

PEM-coated micro—chambers as described hereinabove.

Referring to Fig. 6, there is shown the fluorescence
microscope image of the PEM chambers (40 bi—layers) filled
with FITC particles. Intense fluorescence 1is detected
inside the chambers filled with FITC particles 50 in
contrast to the | empty chamber 52. No fluorescence 1is
detected in the surrounding water. In contrast, breakinhg
or mechanical damage of the micro-chambers with a needle
causes immediate coloring of the surrounding water with
the fluorescent-dye;ﬁThis demonstrates that the chambers
walls are properly: sealed and impermeable towards FITC
molecules (molecular weight 389). H

Fig. 7 shows a series of optical microscope images
before and after the laser pulse irradiation. The opening

of individual micro-chambers and release of their content

may be performed by irradiation with a focused beam of the

pulsed NdA-YAG laser (532 nm). 4 layers of gold
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nanoparticles having jadsorption. band at this wavelength

‘are incorporated into: the PEM film to make Eit sensitive

towards this laser (1 layer of Au nanoparticles after each

tenth PSS-PAH bi-layer). The laser irradiation is

conducted within the plasmon absorption band of gold

‘nanoparticles, which were incorporated into the micro-

chamber walls. The presence of the gold nanoparticles
inside the micro-chambers is confirmed by = UV-vis

spectreseopy (data .not shbwn).jLight adsorbed by the Au-

,naneparticles dissipates as heat resulting in a highly

localized  increase ‘in temperature that destroys the

surrounding PEM film. However, the cargo in the micro-

chambers remains undamaged as the increase in temperature

is_locaiized or restricted only to the PEM film.
' 'Referiing to Fig. 7(a), there is shown the sealed PEM

chambers containing MF particles are obtained via covering

~the wells. with glass pre-coated with 20 PEM bi-layers
followed by PMMA dissolution in toluene and drying. A

circular hole appeafs in the PEM film upon irradiation as

seen in Fig. 7(b). The diameter of the hole varies from 12

to 18 um, which is slightly -larger than the laser beam
spot. Referring to Fig. 7(c) and 7(d), it can be seen that
one micro-chamber may be opened at a time, leaving the
neighboring micro-chambers undamaged. Simultaneous release
of the loaded MF balls is achieved by burning of the
chambers. The MF particles are released from the opened
micro-chambers as indicated by the arrows in Fig. 7(b)-
(d) .

Example 3
Loading of PEM chambers with sunflower oil

The imprinted PMMA sheet coated with PEM described

in Example 1 1is loaded with sunflower oil wusing a

- solvent-exchange method. Referring to Fig. 8, there is
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shown the CRM vimagéj of the micro-chambers filled with
0il: top view (c) and cross-sectional view (d). It can be
seen thatw the o0il droplets. are specifically iocated
within the PEM micro-chambers and completely £i11 the

micro-chambers. Raman spectrum taken from the PEM film

between the chambers indicates the presence of mere

traces of oil.

Referring to Fig. 9, there is shown a series of

fluorescence microscope iméges takenfbefore and after théfi

single laser pulse,irradiation shows the release of oil-
soluble 1low-molecular fluorescent dye into surrounding
water. Fig. 9(a) illustrates the fluorescence microécope
image of :the micro-chamber jﬁst ‘before 1laser pulse
irradiation. -Fig. Q(b) to (d) shows the opening of the
micro—chaﬁber after laser pulse irradiation at 2.5 s, 3.75
s, and 5 s after the pulse respedtively. It can be seen

that the neighbouring micro-chambers remain undamaged.

_ Example 4

In this example, selective opening of the indiviaual
micro—chambers is performed using mechanical piercihg, for
example, with a sharp diamond tip of Nanoindenter machine.

Fig. 10 shows the SEM images of PEM chambers after
their prdbing with a tip at different forces: As seen in
Fig.  10(a), a probe of 5 mN force on the micro-chambers
results in just a scratch on the micro-chamber roof. In
contrast, a probe of 10 mN force results in an
approximately 1 um size hole as seen in Fig. 10(b). It can
be seen in Fig. 10(c) that a bigger hole results from a
probe of higher force of 20 mN. This provides for a
precise control over the release of cargo from individual

chambers.
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_ Appllcatlons

The dlsclosed process may be’ applled in humerous
industrial applications,  not  least in therapeutic
applications, pharmaceutical compositions. The fabricatioh
of microcapsules on the surface of polymer film may also
be used for immobilizing‘proteins and performing cascade
enzymatic reactions.
I AdvantageouslyL the dlsclosed process may be hlghly‘:
reproduc1ble and may be used to fabrlcate dlfferent typesﬂ
of mlcro chamber arrays that may be used for contalnlng a

wide variety of cargo in the chambers. The disclosed

micro- chambers, are well-sealed and may be 1mpermeable

towards low molecular weight compounds, thereby allowing
the micro- chamber array to be used to store and contain a
wide varlety of cargo. |

More advantageously, the disclosed micro-chamber

‘array have controllable or adjustable loading and release

'properties of the encapsulated cargo. When exposed to an

environmental condition, one or more chambers of the
disclosed micro—chamber array may be configured to release
the cargo contained therein. The one or more chambers may
be selected independently from the other chambers to
release the cargo contained therein.

Advantageously, the presence of the thermal conductor
may aid in the release of the cargo from a specific micro-
chamber on the micro-chamber array. The cargo inside the
specific micro—chamber remains undamaged dcring release
and the other micro-chambers also remain intact during the
release of the cargo from a specific micro-chamber.

It will be apparent that various other modifications
and adaptations of the invention will be apparent to the
person skilled in the art after reading the foregoing

disclosure without departing from the spirit and scope of

the invention and it is intended that all such
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modifications and adaptations come within the‘scdpe of the

appended claims.
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Claims

1. A  process for making a micro-chamber array
comprising:

(1) applying a first layer on a substrate having an

,array of micro—wells disposed on said substrate;

'(11)»load1ng cargo into the layered micro-wells of

}}fiithe substrate
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‘(111) applylng a seallng layer to the loaded cargo

‘to encapsulate the cargo therein between said first layer

and sald seallng layer; and

(iv) removing the substrate from the first layer to

~form . the ' micro-chamber array having plural micro-
chambers, ‘each of said micro-chambers comprising an outer

15 layer definihg a micro-chamber interior having said cargo

therein.

2. A process as claimed in claim' 1, ‘wherein said

applying step comprises assembling a plurality of
layers of alternating charge on a substrate having

~an array of micro-wells disposed on said substrate.

3. A process as claimed in c¢laim 2, wherein said
assembling stepicomprises alternately exposing said
substrate to solutions of cationic polymer ~and

anionic polymer.
4. A process as claimed in any one of the preceding

claims, comprising before step (i), the step of

forming the micro-wells in the substrate.
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A process as claimed in claim 4, wherein said
forming step  comprises = using nano-imprint

lithography (NIL) to form said microwells.

‘A process as claimed in claim 5, wherein said NIL

comprises the stéps of:
’(VY applying a mold under pressure to a polymer
,substrate thét is above its ‘glass transitipn>or
.melting >teﬁpérature to form. said micro+wells'
therein; | ‘ _ _
(vi) coolihg"said polymer: substrate td a
témperaturef-below its glass transition = or
Z’melting temperature; and v

(vii) demoldiﬁg the polymer substrate.

A process as claimed in claim 6, wherein said
process comprises the step of plasma etching the

micro-wells after said demolding step.

A process as claimed in claim 1, wherein said
loading step comprises loading one or more different

cargo types into respective micro-chambers.

A process as claimed in any one of the preceding
claims, wherein the sealing layer is formed of a

polymeric material.
A process as claimed in claim 9, wherein at 1least
one of the first layer and the polymeric sealing

layer is permeable to the cargo.

A process as claimed in claim 10, wherein at least

one of the ‘firStz layer and the polymeric sealing
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layer is permeablé to the cargo when exposed to an

environmental condition.

A process as claimed in claim 9, wherein at least

~one of the first layer and the polymeric sealing

layer is impermeable to the cargo.

'A prodeés as claimed in claim 12, whetein at least
one of -the first layer and the polyﬁeric% seéaling
layer is impermeable to the cargo when exposed to an

environmental condition.

A process as claimed in any one of the preceding

claims, wherein at least one of said first layer and

‘sealing layer comprises a thermal conductor capable

of rupturing at least one of said respective first

layer and sealing layer upon application of heat.

A process as claimed in -claim 14, ‘wherein said

thermal conductor is a metal.

A process as claimed in claim 15, wherein said metal
ig selected from the group consisting of silVer or
gold nanoparticles,v gold nanorods, natural and
synthetic organic dyes and an alloy of any of the

foregoing..

A process as claimed in any one of the preceding
claims, wherein said removing step comprises

disscolving said substrate.
A process as claimed in any one of claims 1 to 16,

wherein said removing step comprises peeling said

substrate and said first layer from each other.
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A process as claimed in any one of the preceding
claims, comprising the step of releasing the cargo

from the micro-chambers.

A process as claimed in any one of claims 2 to 19,

: compriéing the step of applying at least 20 bi-

layers to said substrate.

A process as claimed in claim 20, comprising the
step of applYing:iat least 40 bi-layers to said

-substrate.

“A proceés for reléasing the cargo from at least one

- micro-chamber in the micro-chamber array made in the

process as claimed in any one-Qf claims 1 to 21,
comprising at least one of the following steps:'

(1) rupturing at least one of the first layer
and the sealing layer of the at least one
micro-chamber; and VA | :

(ii) | changiﬁg an environmental condition to

| render at least one of the first layer and
the sealing layers -of the at least one

micro-chamber permeable to said cargo.

A prdcess as claimed in claim 22, wherein at least
one of - the first layer and the sealing layer
contains a thermal conductor and the rupturing step
comprisés heating at least one of ﬁhe first layer
and the sealing layer in the presehce of said

thermal conductor.
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A process as claimed 'in ‘claim 23, wherein said
heating step comprises applYing a laser beam to at

least one of the first layer and the sealing layef.

‘A process as claimed in claim 22, wherein said

- rupturing step comprises piercing the first layer.

A process as claimed. in claim .22, 'wherein‘ said

'rupturing step cdmpfises piercing the séaling layer.

A process as claimed in any one of claims 22 to 26,

wherein ' said rupturing step is undertaken under

~conditions to sélectively release said cargo from

- said microcapsule array.
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