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HOLOGRAPHIC SENSORS AND THEIR PRODUCTION
Field of the Invention

This invention relates to the production of a holographic sensor based on
a sensitive element which is a hologram.

Backaround to the Invention

WO-A-8526499 discloses a sensor bazed on a volume hologram. This
sensor comprises an analyle-sensitive matrix having an optical fransducing
struciure disposed throughout its volume. Typically, such a sensor is made of
silver halide particles in gelatin. Because of this physical structure, ithe optical
signal generated by the sensor is very sensitive to volume changes or structural
rearrangements taking place in the matrix, as a result of interaction or reaction
with the analyte.

An alternative method of production of a holographic sensor is disclosed
in WO0O-A-9963408. A sequential treatment technique is used, wherein the
polymer film is made first and sensitive silver halide particles are added
subsequently. These particleé are introduced by diffusing soluble salts into the
polymer matrix where they react to form an insoluble light-sensitive precipitate.
The holographic image is then recorded.

Ley et al, Meas. Sci. Technol. (1997) 8:997-1000, discloses the
production of a polymer hydrogel, to be used as a sensor in an ‘aqueous
environment. An interference pattern was recorded after swelling the hydrogel,
the swelling being caused by an aqueous solutioh of further monomer, cross-
linking agent and initiator. The diffractive characteristics of the resultant
holographic grating depend-on the concentration of added solvate.

Summarv of the Invention

The present invention is based on the realisation that a volume hologram
can be formed in a polymer which is not necessarily swollen, in which a
holographic grating is sensitive td swelling, and which does not necessarily
contain silver halide particles.

According to one aspect of this invention, a sensor comprises a medium

and, disposed throughout the volume thereof, a holographic element whose
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fringes are defined by different degrees of swellability in a liquid. The effect may
be seen on swelling in a liquid to be tested, or on contraction.

According to another aspect of this invention, a sensor comprising a
meadium and a2 hologram disposad throughout the volume of the medium, is
produced by a method which comprises the recording of a holographic image
by selective (de)polymerisation of the medium, wherein the medium is in a
swellable state during the recording. Thus, polymerisation can be used to
increase the bond density in certain areas, e.g. by cross-linking, or an existing
polymer can have certain bonds, in order to give a product that is differentially
swellable and thereby provide a grating. If selective cross-linking is used, then
the cross-linking preferably takes place in the presence of a free radical inhibitor.

Description of Preferred Embodiments

A holographic sensor of the type used in the present invention generally
comprises a holographic element which comprises a holographic support
medium and a hologram disposed throughout the volume of the medium.
Typically, when used as a sensor, the support medium interacts with an analyte,
resulting in a variation of a physical property of the medium. This variation
induces a change in an optical characteristic of the holographic elemént, such
as its polarisability, reflectance, refractance or absorbence. If any change
occurs whilst the hologram is being repiayed by incident broad band, non-
ionising electromagnetic radiation, then a colour, intensity or other change may
be observed. |

A holographic sensor may be used for detection of a variety of analytes,
simply by modifying the composition of the support medium. The medium
preferably comprises a polymer matrix, the composition of which is preferably
optimised to obtain a high quality film, i.e. a film having a uniform matrix in which
holographic fringes can be formed. The polymer matrix is preferably formed by
the copolymerisation of acrylamide and/or methacrylate-derived comonomers.
In particular, the monomer HEMA (hydroxyethyl meihacrylate) is readily
polymerisable and cross-linkable. PolyHEMA is a versatile support material
since it is swellable, hydrophilic and widely biocompatible.
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Other examples of holographic support media are gelatin, K-carageenan,

| agar, agarose, polyvinyl alcohol (PVA), sol-gels (as broadly classified), hydro-

gels (as broadly classified) and acrylates. Gelatin is of course a standard matrix
maierial for supporiing photosensitive species such as silver halide grains,
although such species are not raquired, in the present invention. Gelatin can

also be photo-cross-linked by Cr (ll) ions, between carboxyl groups on gel

- strands.

A preferred procedura for producing 2 sensor of the invention involves two
polymerisation steps, the first forming a polymeric matrix and the second
forming, in selected parts of the mairix, a different degree or type of
polymerisation. This second step may involve further cross-linking of the matrix,
or the formation of an interpenetrating polymer. This second stép may not of
itself form a distinct holographic grating, but a grating will be evident on swelling
(or contraction) of the resultant materiél. For example, this method enables
volume holograms to be produced which replay in the 400-800 nm region when
used as a sensor in a liquid which swells the hologram.

The grating.rhay be observed on swelling in a liquid of lower refractive
index than the unswollen matrix (which will usually be the case). If desired, a
material of high refractive index may be involved, e.g. a salt or compound of any
metal which forms a sufficiently insoluble polyacrylate. Lead, calcium, strontium,
zinc and also trivalent metal (e.g. Al) acrylates may work. Such compounds
preferably have high atomic weights in order to achieve the higher refractive
index values and thereby enhance the diffraction efficiency. The medium
in which the hologram is formed is usually .a polymer, and a sensor of the
invention essentially comprises two polymers distinguished in type or;
conveniently, in degree of cross-linking (one of which degrees may be zero).
These polymers are relatively "soft" and "hard". Either or each such polymer
may include functional groups, e.g. that are intended to react with an analyte.

By way of illustration, a polymer layer may be formed on a support such
as a slide. This may be carried out using an incoherent UV light source, by a
procedure essentially the same as is used for a conventional silver-based

hologram.
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The polymerisation is preferably conducted using a free radical initiator.
Many such materials are known, including 2,2-dimethoxy-2-
phenylacetophenone, Daracur 1173, Irgacure 2959 or Quantacure WB 4736.

Then, the polymer is immersed in 2 swelling liquid which, by way of
example, contains a high proportion of suitable cross-linker as well as an
appropriate free-radical photo-initizior and, if desired, volatile solvent needed to
aid the diffusion into the polymer layer. The cross-linker may be the same as or
different from that used to make the polymer layer.

After sufficient time for substantially complete absorption of the swelling
liquid, excess liquid may be removed from the support. The swollen polymer is
then allowed or caused to contract, fully or partially; for example, the polymer is
blown with warm air, to evaporate the volatile solvent. It may be desirable that
some moisture is retained in the polymer layer, to enable free radicals to be
generated in a second photopolymerisation step. Thérefore, after the
contraction, it is convenient to leave the slide in a high humidity chamber, e.g.
at 80% R.H., to insure sufficient moisture content for the next polymerisation
step. However, the degree of swelling due to moisture uptake should be
nowhere near as high as when the finished hologram is immersed in a working
liquid (normally an aqueous buffer). The polymer side of the slide can have its
equilibrated moisture content protected by a cover layer, e.g. a thin slide of
transparent polished silica, so that the polymer is sandwiched . |

‘The second polymerisation step is preferably conducted in the presence
of an inhibitor (scavenger) of free radicals; this may be necessary to ensure that
a satisfactory fringe structure is attained. Although ambient oxygen can act as
an inhibitor, it may lead to inconsistent results as its concentration cannot be
accurately controlled. Instead, itis preferred that the second polymerisation step
takes place in the presence of an inhibitor such as hydroquinone or ascorbic
acid (vitamin C), and, if oxygen is present, under limited oxygen conditions. If
oxygen is present during the second polymerisation step, then it is desirable to
conirol its presence since it can also lengthen the necessary exposure time in
the following stage. This may be achieved by using a silica cover layer as

described above. Satisfactory results can, however, still be achieved without the
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use of such a plate, the value of the plate being somewhat dependant on the

thickness of the polymer film.

The slide sandwich may then be positioned with its polymer side down in
a trough for exposure, as shown in Fig. 1. Since the duration of exposurs may
be a number of seconds, it is desirable for the sample to be left to equilibrate in
position for several minuies before exposure, in order to facilitate the formation
of a coherent holographic fringe structure. ,

Coherent light is preferably used for the exposure to form the hologram.
AUV laser is particularly preferred and, in this case, it is appropriate to use a
cover layer of transparent silica rather than glass since glass causes much
greater light loss.

Atfter the exposure is made, there will be a fringe structure (Fig. 2) made
with the following character. Dark fringes (nodes) will be made of the original,
relatively lightly cross-linked polymer, and light fringes (anti-nodes) will be the
original polymer now in effect heavily cross-linked by the second polymerisation
step. The second polym'erisation may or may not result in significant chemical
grafting of the second onto the first polymer, i.e. true additional cross-linking of
the first polymer, but in either case the strong cross-linked network of the second
polymer will cause the antinode fringes to be restricted from swelling. After
exposure, remaining absorbed monomer material is removed, e.g. using water
or an élcoholic solution. As an alternative or in addition to cross-linking the
original polymer, the second polymerisation step may be performed using, for
example, an intérpenetrating polymer.

The difference in refractive index between the light fringes and dark
fringes may be small, after the exposure in the contracted polymers. A key
éspect ofthe present invention is that the treatment described above enables the
dark fringes to swell in an équeous or other test liquid, since they have not been
heavily cross-linked, and thus the refractive index (RI) of the dark fringe will
move toward the value of the RI of the test liquid as it absorbs it. Typically, in the
case of aqueous buffer solution, the dark fringe RI for visible light falls from a
value of around 1.5 o below 1.4, whereas the heavily cross-linked light fringe
has an Rl value still nearer to 1.5 . Therefore this treatment has much increased
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the fringe contrast in the test liquid and the consequent diffraction efficiency.
This swelling has also increased the overall fringe spacing; consequently, when
the holographic image is reconstructed under a white light source then the new
fringe spacing selecis out a longer wavelength from the spectrum than the
original laser wavelengih used to construct the fringes; see Fig. 2.

The difference in fringe spacing between thai of recording and that of
replay in white light may typically result in a difference in wavelength of around
300nm. Therefore, if the recording is made using a “frequency doubled” YAG
laser at 532nm, the replay wavelength would be out of the human vision range.
By recording the grating using a2 "frequency tripled " YAG at 355nm, this puts
the replay wavelength mostly in the human vision range. ‘

The following Examples illustrate the invention. Inthe Examples, pairs of
formulations, are listed. The first formulation (A) makes up the polymer which
can contain the functional groups which will result in a "smart polymer". This first
polymerisation is carried out under an incoherent UV light source. This

formulation is "paired" with another formulation (XL) for the second

| polymerisation that contains monomer solutions which will give a highly cross-

linked polymer (P2) after XL has soaked into the first polymer and then been
exposed to 355nm laser light. The formulations of Exampi.es 6 and 7 comprise
an inhibitor of free radical polymerisation, namely hydroquinone and ascorbic
acid respectively.

The following abbreviations are used:

DMPA = 2,2-dimethoxy-2-phenylacetophenone
HEMA = hydroxyethyl methacrylate

MAA = methacrylic acid ‘

EDMA = ethylene dimethacrylate

DMAEM = 2-(dimethylamino)ethyl methacrylate
DHEBA = dihydroxyethylenebisacrylamide

MBA = methylenebisacrylamide

BAP = bis (acryloyl) piperazine

Example 1
A1
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Exémgle 2
A2

XL2 is the same as XL1.

Example 3
A3

XL3

2-propanol
DMPA
HEMA
MAA
EDMA

DMPA
Miethanol
EDMA
HEMA
Ethanediol

Deionised water

DMPA
2-propanol
HEMA
EDMA
DMAEM

DMPA
Methanol
Deionised water
Acrylamide
Methacrylamide
DHEBA

ltaconic acid

Methanol

4.0ml

25 mg

3.65 mi (30mmole)
0.84 ml (10 mmole)
0.18 (0.5 mmole)

25 mg
7.0mi
2.0ml
0.20 mi
0.020ml
0.020 mi

20mg
3.0 mi

2.43 ml
0.21 ml
0.37 ml

15 mg
0.20 ml
4.0 ml
20g
10¢
0.126 g
40 mg

10 mi

PCT/GB2004/000976
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DMPA 15 mg
Deionised water 9 ml
Ethanediol 1.0 ml
MBA 1.2¢g
5 (The solution requires warming to ~50 ° C io dissolve the latier)
Example 4
A4 is as in any of Examples 1 to 3. XL4, using the cfoss-linker BAP is:

BAP 259
Irgacure 2959 0.05¢g

10 Metihanol 2.5 ml
Deionised water 4.0 ml
Ethanediol 2.0 ml

_This works well after soaking into any of the acrylamide polymers (A) of

Example 1 to 3.

15 Example 5
A5 is as in any of Examples 1 to 3. XL5, with a high refractive index

heavy metal salt, is:

Irgacure 2959 15 mg
Methanol 1.0 ml
20 Acrylamide : 050¢g
Barium diacrylate (1.5 M in water) 4.0mi

The resulting barium-containing composition wofked in a holographic
grating. After time, in stirred deionised water, the hologram disappeared

because it apparently lost Ba.

25 Example 6
AG is the séme as A1 or A2. XL6 is:
DMPA 10 mg
Irgacure 2959 10 mg
Methanol 7.0 ml
30 EDMA 2.0ml
VHEiViA‘ 0.5 ml

Triethanolamine 0.02 ml
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Deionised water 0.02 ml
Hydroquinone solution (2%, in methanol) 0.50 ml
Example 7
AT is the same as A3. XL7 is:

5 DivIPA 5 mg
Irgacure 2259 5mg
Methanol 1 ml
BAP 049
Diethylene glycol 0.50 ml

10 The solution is then warmed and shaken until clear, the following then added:

Deionised water 4.0 ml
Triethanolamine 0.04 ml

Ascorbic acid (1% wlv, in water) 0.20 ml
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CLAIMS

1. A sensor comprising a medium and, disposed throughout the volume
thereof, a holographic element whose fringes are defined by different degrees
of swellapility in a liquid.

2. A sensor according to claim 1, wherein the differeni degrees of swellability
correspond to different degrees of cross-linking of a polymeric medium.

3. A method for the production of a sensor according to claim 1 or claim 2,
which comprises the recording of a holographic image by selective
(de)polymerisation of the medium, wherein the medium is in a swellable state
during the recording.

4, A method according to claim 3, which comprises selective cross-linking
of an uncross-linked or substantially uniformly cross-linked polyrher.

5. A method according to claim 4, which comprises: introducing a cross-
linking agent in a volatile solvent that causes the polymer to swell, and then
removing the solvent prior to the selective (de)polymerisation.

6. A method according to claim 4 or claim 5, wheréin cross-linking takes
place in the presence of an inhibitor of free radical polymerisation.

7. A method according to claim 6, wherein the inhibitor is oxygen,

hydroquinone or ascorbic acid.
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