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Abstract continued

—> evanescent wave and host/guest chemistry at a fiber optic waveguide can be
extended to include the probing of more subtle optical changes at the fiber
optic waveguide/host interfacial region, -J¥ "/ &°

Agcession Yor Y

BT G 4
DTIC TAB 0
Unanncunced a

Juatification .

| By ‘
Dist

| Diatridbutions/ |

Availability Codes

i

Avail'dbayé;

; ) Dist Spocial
- h"

ELTRON RESEARCH INC.




Report #0001AC on ONR-SBIR Phase I Contract {#N00014-89-C-0250
¢ entitled
ADVANCED BIOSENSORS FOR AMINO ACID DETECTION
Final Report Period October 1, 1989 - March 31, 1990

INTRODUCTION

This Phase I program was directed towards determining the feasibility of
an advanced biosensor technology compatible for the real-time optical detec-
tion of amino acids typified by phenylalanine, dopa (3-hydroxytyrosine),, tryp-
tophan and related compaunds. Work performed unequivocally demonstrated feas-
ibility for the originally proposed concept, with the general approach being
found applicable to any host/guest molécular recognition event resulting in a
detectable optical change originating from interaction with an evanescent
wave within a fiber opti: waveguide.

The strategy pursued involved amino acid detection by monitoring optical
changes induced within immobilized chromagenic acyclic polyether host molecules
to which the amino acid became associated. It was anticipated that the amino
acid would become incorporated within a chromagenic polyether cavity via hydro-
gen bonding with the nitrogen atoms present, resulting ir an optical change
induced at an attached azo-dye chromaphore by withdrawing electron density .
from the nitrogen atom located in the polyether backbone cavity. The chroma-
genic polyether host was immobilized within a cellulose acetate film co-depos=
ited onto the outside surface of the fiber optic sensor. High sensitivity for:
the déuection of optical changes induced by the presence of amino acids was
addressed by the use of synchronous sample-and~-hold electrenic circuitry.

The approach.was btased upon the use of multifunctional host molecules
which provided both a hydrophobic cavity suitable for initially binding the
amino acid and a chromaphoric group whose optical properties might be perturbed
by the resulting host/guest molecular interaction. The desired characteristics
sought in this program by host molecules for facilitating the optical detection
of amino acids included:

o Their ability to convoniently reversibly bind an amino acid guest mole-
cule when immobilized onto a fiber optic substrate.

e That the resulting host/guest molecular association would induce some
detectable optical change.

e The host and host/guest molecular species being insoluble 1in aqua=
ous solution, with the amino acid Zuest being conveniently partiticned from
the aqueous phase via a suitable semi-hydrcphobic cavity within the host,

The ability to reversibly detect amino acids in aqueous solution was based
upon the use of acyclic polyether cavities, as shown by I and 1I below. incorpo-
rated into molecular hosts for reversible amino acid binding.
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We were attracted %o molecular hosts.{ncorporating the above cavities because -of:
o the relative synthetic ease with which molecular hosts containing these
binding cavities may be prepared. L
o ctheir compatibility tnwards tailloring hosc molecular
warving aither the polyether backbone or endgroups.
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e their ability to incorporate into the polyether backbone a chromaphore
whose optical characteristics may be perturbed upon binding with an organic
ammonium cation.?2 '

o previously demonstrated and relatively rapid reversible binding kinetics
towards amines and amino acids as z cconsequence of their flexible polyether
backbone. !

Selection of molecular hosts based upon (I, for amino acid detection was
prompted by previous work which had shown that inclusion of quinoline terminal
groups onto acyclic polyether backboaes could result in hosts pcssessing good
stabilicy far complexaticn with organic ammonium cations.3 Subsequent work
had shown that the quinoline containing acvzlic polyether (I) possessed high

. selectivity for binding, transport and release of amines and amino acids across
an aqueous electrolyte/CHCljy liquid membrans/aqueous electrolyte cell® when
(1) was present dissolved in the center chloroform layer. Here it was shown
that transport of phentermine (CgqHgqCHpC(CH3)oNH) or norephedrine (CgHsCH(OH)CH
(CH3)NH,) by (I) occurs 170 and 62 times as rapidly, respectively, through a
chloroform compared to either K* or Na*. Furthermore, comparison4 of trans-
port rates among organic ammonium cations showed selectivities dependent
upon ammonium cation hydrophobicities. Here transport rates were found to de-
crease in the order phentermine > phenethylamine > norephedrine > tyramine >
dopamine. The last two organic amines (tyramine and dopamine) have incorporated
into their aromatic rings hydroxy groups which decrease cation hydrophobicitvy, thus
resulting in a weakening of binding to the acyclic polyether host. Thus, quino-
- line containing acyclic polyethers possess intrinsic selectivity not only for
‘discrimination between inorganic cations and organic ammonium cations but also
within groups of organic ammonium cations.

It has been found that factors important in the binding of organic ammonium
cations by (I) fnclude:? {) the presence of terminal quinoline groups which '
act as strong hydrogen binding sites for guest ammonium cations, and ii) their
possessing a, flexible acyclic polyether backbone permitting dynamic conformational
changes to occur during the binding and releasing of ammonium cations. In addi-
tion, acvclic polyethers containing terminal endgroups such as (I) were considered
to be attractive initial molecular hosts for amino acid binding since the cavicy
size, its hydrophobicity and the nature of the terminal endgroups could be
varied with relative synthetic 2ase.3  The thousht here was that such modifi-
cations could in the future permit acyclic polyether tailoring for achieving
high selectivity towards a given amino acid. Manipulation of the molecular
host. (1) might include, for example, adjusting the chain length (III), synthe-
'sizing unsymmetrical open-chain polvethers such as (IV), or enhancing rigidity

within the polyether backbone by incorporation of aromatic groups (V) as shown
below:
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The related molecular host cavity (II) possessing phosphine oxide end-
groups, has high formation constants for hydrogen bond formationb which,
when incorporated into an appropriate molecular structure, we expected would
provide a binding site for organic ammonium cations. This has in fact been
previously demonstrated’ when (II) was dissolved in CHCl3, and found effective
for extracting phenylethylamine (CglgCHoCHpNH>) and d&-phenylglycine ethyl ester
(CgHg(NH) COOCH7CH3) from 0.2N aqueous perchlorir acid solutiome. In this
case, some extraction selectivity was observed in that neither methylamine,
ethylamine, propylamine or n-butylamine were extracted from aqueous solution.

In addition to molecular recognition and’ selectivity, a host molecular

" substrate should ideally also exhibit reversibility to the analyte of interest.
Acyclic polyethers in general have been shown to exhibit more rapid reversible
kinetics for complexation than crown ethers. 1 This property has been attributed
to the flexible nature of the acyclic polyether backbone. Thus, as previously
discussed, the ability of acyclic polyethers to bind an amine, transport it
acruss a CHCljy liquid membrane followed by release into an aqueoys phase"!8 sug-
gested to us that incorporation of a chromaphore to the acyclic polyether tack-
bone might form the basis for amino acid optical detection.

Recent work has shown that chromaphoric groups can easily be incorporated
into crown'ethers to give ion selective colorimetric reagents. For example,
when a l,2-dichloroethane solution of (VI) was brought into contact with an
aqueous solution containing Na¥ species, the organic phase was found to turn

© from yellow (Amax = 273um) to violet (Mmax = 430nm). l Similar wavelength
shifcs have also been reported for acyclic polyethers such as (VII).
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This generél strategy was applied during Phase I by replacing the central
oxygen atom of molecular hosts (I) and (II) with nitrogen, introduced as
part of an azo-dye chromaphore as shown in (VIII) and (IX).
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It was therefore anticipated in this Phase I program that incorporation cf an
amino zcid into the above chromagenic acyclic.polyethers via hydrogen boiding
with proximate nitrog:n atoms within the cavity, could result in irnducing a
detectable optical change associated with the attached azn-dye chromaphore,
via a withdrawal of electron density from the nitrogen atom located in the '
polyether backbone.

In principle, azc-dyes possess a number of attractive features as chroma-
phoric indicator groups for amino acid binding including:

e a high extinction coefficient allowing facile detection of small quan-~
titles of amines and amino acids bound to the chromagenic acyclic polyether
host. : . '

e ease of synthesis‘and incorporation into the acyclic polyether host
by use of well-established azo-coupling techniques.

e the fact that azo-dves can be synthesized covering a wide spectral
range, thHus facilitating simultaneous multi-analyte amino acid detection.

The anticipated association between the acyclic pealyether chromaphore
and an amine or amino acid guest to he optically detected is schemacicallv

“shown in Figure 1.

During this Phase I pregram chromagenic acyclic polvether husts were
immebilized onto the surface of fiber opcic waveguides within a codeposited
cellulose acetate film. The fiber optic waveguide (Figure 2) consisted of an
optically transparent inner core surrounded by an outer core .of lower refrac-

tiva index (n»2).

Removal of the fiber optic cladding permitted interactin-

"of an evanescent wave with a medium external to the core such as the immobil-
ized chromagenic host. Here interaction by the evanescent wave might occur
to a depth (dp) of ~1000-20004. :
Consequently when the exposed fiber optic is coated with a material whose
1iiteraction with the evanescent wave migzht be modified upon analyte binding,
then a change in transmitted light throuzh the fiber is induced, permitting

ELTRON RESEARCH INC.
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Detection of amines or amino acidé (R—NH3+) by inducing optical

changes within an azo-dye group attached to an acyclic polyether
backbone following incorporation o

f the amine or amino acid
guest into the cavity of the chromagenic acyclic polyether host
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Schematic configuration for fiber optical detector (a) and

generation of the evanescent wave at an interface between
two optical media (b).
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optical datection of the dnalyce. When tronsmitted light through an oprical wave-
guide strikes the interface between :.Jo :-ransparent media, going from a medium
of greater refractive index tn one of lower rofrsctive index, total internmal

reflection will occur when the angle of reflecticn 8 is larger than the optical
angle 6, as given by:ll

8. = sin~lny/ng (1)

In the above case, the evanescent wave will penetrate a distance dp into che

medium with a lower refractive index (i.e. njp). Although there will be no net
flow of energy into the a¢yclic polyether chromaphore medium of lower refrac-
tive index, there will beEan evanescent, nonpropagating field into this medium

whose electric field amplitude E will be largest (i.e. E,) at the interfacial

region decaying exponentiglly with distance Z from the surface. E will be
given by

E = E,-exp(-Z/dp) (2)

The depth of penetration {dp) beinrg defined as the distance required for the
electric field amplitude to fall to exp(~l) of its value at the surface and
is given by (Figure 2):

- Ay =
27(sin%9 - (nz/nl)z)i

Generally, the penetration depth will depend on nj and nj, the wavelength A
and the angle of incidence. Further specificity for the analyte being de-~
tected and its concentration mizht be achieved when the chromaphore exhibits
a characteristic absorbante.

Experimental observations found in this Phase I program towards demonstra-
ting the viability of thejabove discussed technical strategy for optically
detecting amino acids using chromagenic acyclic polyether hosts immobilized in

cellulose acetate films on the surface of fiber optic waveguides will now be
discussed. 1 .
1
| RESULTS AND DISCUSSION
Experimental work per%ormed during Phase I of this program was directed
towards demonstrating the' feasibility of the previously discussed chromagenic
host compounds, when immobilized onto fiber optic waveguides, for achieving
the reversible optical detection of amino acids.
Specific technical opjectives addressed during performance of this program
included: i

e Initially synthesizing chromagenic acyclic polyether hosts (VIII) and

(1¥). i

i e Evaluating changes in optical characteristics between 300 and 900nm

for (VIII) and (IX) when immobilized within cellulose acetate membranes supported
on glass slides prior to and after exposure to amino acids of interest.

e Evaluating the periormance of chromagenic polyether hosts incorporated
into cellulose acetate films coated on the outside of an unclad optical fiber
waveguide.

e Determining the optical response achievedi from the proposed detector
when exposed to candidate amino acid solutions.

|
|

| 6
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A, Syntheses of Chromagenic Polyeth

er Host Molecules.

The objective here was to prepar
hosts (VIII) and (IX) for later immd
optic waveguide for achieving the re
dopa (d-hydroxytyrosine) and tryptop

The specifics as to how each of
will now be discussed.

i) Syntheses of acyclic polyet

endgroups (VIII).

- Initial syntheses performed use
in the first step. Here llml (.112
was added to 6.907g (0.05 moles) of
refluxing overnight.

han.

e the acyclic polyether chromagenic
bilization onto the surface of a fiber
versible detection of phenylalanine,

these chromagenic hosts were sy.thesized

her chromaphcre containing qu.noline

d p~nitroaniline and 2-chloroethylether
moles) of 2-chloroethylether in 50ml DMF
p-nitroaniline also in DMF followed by
However, subsequent gas chromatographic (GC) analysis

of the reaction mixture using a Por3pak Q column at 180°C showed essentially

the same amount of 2-chloroethyleths
reaction was promoted.

v as in the starting mixture.
Sinceé resonance effects are important in aromatic

Thus, no

amines and since p-nitroanilire is an extremely weak nucleophile, lack of

reactivity at this stage was, we interpreted, a consequence of the low basicity

associated with the amine group whi¢h made attack at the C-Cl bond unlikely.
This suggested that use of an electron donating group para to the amine

might help promote the desired reaction.

the acetamide group located para to

We selected 4-aminoacetanilide where

the amino group was expected'to donate
electron density to the latter, thereby promoting the desired reaction.

Fur-~-

.thermore, the acetyl part of the protecting group was available for convenient

later removal via acid hydrolysis.

As an additional aid in promoting the desired reaction, we chose to add

a base catalyst to the initial reaction mixture.

was chosen to promote alkylation of

the amine group.

Here ethyldiisopropylamine
Erthyldiisopropylamina

is a strong sterically hindered basp which we expected would preclude: it :

alkylation by 2-chloroethylether.

Thus in amine alkylation, it could serve
as a proton acceptor without becoming alkylated itself.

Specific details of

the synthetic scheme will now be discussed and are summarized in Figure 3.

a)

Condensation of 4-aminoacetanilide with 2-chlorocethylether,

The first step involved addition of 7.50g of 4~amingacetanilide in DMF to

liml of 2-chloroethylether and 28ml

of ethyldiisopropylamine during stirring.

The mixture was then heated to 100°C for i2 hours followed by cooling and DMF

removed under vacuum using a rotary
This liquid was then dissolved into
a neutral activated alumina column

evaporator, leaving a thick viscous liquid.
“5ml of petroleum ether and separated on
(Brockmann I,

150 mesh). A reddish-brown

layer was collected and the petroleum ether evaporated to give a 33% yield

(6.69g) of (X).
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b) Addition of quinoline terminal endgroups.

Compound “X) (6.69g) in DMF was now added dropwise to a golution of
8~hydroxyquinoline (5.37g) in 30ml of DMF which in addition contained K3COj3
(5.1g). The mixture was then heated to 100°C overnight before cooling and
filtering. DMF was removed using a vacuum rotary evaporator. Reaction products

_were separated on an alumina column as discussed above to give a reddish solid
(compound XI) in 417 yield (4.39g).

¢) Removal of acétyl and introduction of chromagenic group.

Compound (XI) (4.88g) was now dissolved in a 50/50 mixture of concentrated
HC1/H70 followed by heating to 50°C for removing the protecting acetyl group from
the para-amino group to give (XII). The solution was then cooled to 0°C using
an ice tath. Cold aqueous sodium nitrite (0.7g) was slowly added to the amine/
HCl mixture. To this mixture 1,2-phenylenediamine (1.8g) in 0.2Y¥ HCl was now
added with vigorous stirring. Aqueous sodium acetate was added until compound
(VII1), the desired chromagenic host, precipitated. The precipitate was then fil-
tered, neutralized with 20-407 aqueous NaOH and extracted into CHCl3. Chloroform
was evaporated and (VIII) purified using an alumina column and light petroleum
ether as the elutant as discussed before. The yield for this final step was
52%, giving an overall yield of ~7% (2.6g). Elemental chemical analysis of
the prepared compourd closely agreed with that expected for (VIII). (Expected
C3gH;9H704, found C37 gH3g 2H7,1203.8, Galbraith.) ‘

(¥-alkylacion) Condensacion
NHp i cxcazcuzocnzcszCHzcuzocxzcazcx Reaction
OMF
+  (C1CH70CH20) 2 "

NH

, % ‘1
G b
: X

o0

. . N s N A
Giﬂwm, g;rnnz Q¢0\Eij¢°\ﬂ
. N O
? ' | NHy NH, » H
(C\] Azo fCoupling K1l - CHJ
9 Reaction pet
VAN
5" b
r/— !
5 9
/}.\‘/,‘1\ “\‘/'\\
VIII

Figure 3. Summary of synthetic steps for preparation of quinoline
based chromagenic host.
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ii) Syntheses of acyclic polyether chromaphore containing triphenylphosphine

oxide endgroups (IX).

The general sequence of reaction stepé pursued here are summarized in

Figure 4 below.

Grignard
c: resction @

) . 4 N30y (—\;w }
@é @'"" acrtone 91@ WL (demethylation)

@ loxtdacton)

XII1I

X1v

Q.
%

: xvit
©-r-e - O

Wiy @ @ ny?ritt‘nu) @ @ Xv
: N0, C) condensation <
n;2 qul] @-'.o WV-O Wl ©'-° 0.' S Xa, LeoM
O O e [ope® -
bl ' @ @

Age coupiing . L] s‘
resccion A -o

Py ity Ta0CH 30U 70CH 7O MO CH 20CH 7 CR 20T -"""'/
@ LQ) @ +  T,0CHCR0CHCHRT, ‘”+.
- IX M "
0 (N~aikylecgon} ) s-o
ii) ' Hy |
XVI

Figure 4, Summary of synthetic steps for preparation of phosphine oxide .

based chromagenic host.

Magnesium (1l.5g) was initially added to a THF solution (30ml) of l-bromo-
2-methoxybenzene  (10g) and stirred to initiate the Grignard reaction. After
reaction, excess Mg was filtered and the sclution cooled to -30°C. To this
solution was added llg of diphenylchlorophosphine in 20mi of THF. After stir-
ring for 4 hours the reaction mixture was warmed to room temperature and stirred
overnight before adding saturated potassium carbonate solution to the mixture.
The liquid layers were separated using a separation funnel and the organic
layer dried overnight using 'saturated CaSO4 prior to filtration and removal cf
THF to give (é~-methoxyphenyl)diphenylphosphine (XIII) in 757 yield (ll.6g).
The resulting (o-methoxyphenyl)diphenylphosphine was then oxidized with 30%
H707 (5g) in acetone giving 11.0g of the phosphine oxide (XIV). The methoxy
group was now replaced with hydroxy by heating in chloroform with Sg of HI for
2-3 hours to give compound (XV).

The desired amino acid host (IX) was prepared using the same method as
for (VIII), except that 40g of bis(2-tosylethylether) was used instead of
bis{2-chloroethylether). . Here compound (XVI) was added to a THF solution of
o-hydroxylphenyldiphenylphosphine oxide (XV) to which had been added an equi-
molar concentration of sodium ethexide to catalyze the reaction. This mixture
was then heated at 100°C for-6 hours, cooled and worked up as previously des-
aribed for compound (XI) to give (XVII) in 387 yield. Subsequent steps to
give compound (IX) from (XVII) were carried out using procedures previously
discussed in the synthesis of (VIII).

Acvclic polyether chromagenic hosts (VIII) and (IX) synthesized during
this task were now evaluated as candidate hosts for the reversible detection of
amino acids when immcbilized onto fiber optic waveguides.

ELTRON RESEARCH INC.
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B. Determination of Wavelrugth Absorption Maxima for (VIII) and (IX) and Wave-
length Shifts for VIII-Amine/Amino Acid and IX-Amine/Amino Acid Complexes.

The objective here was to determine wavelength maxima for host com-
pounds (VIII) and (IX) and corresponding wavelength shifts when exposed to
amino acid containing solutions. Here cellulose acetate (0.2g) was dissolved
in 20ml of acetone along with 0.003g of either the quinoline or triphenylphos-
phine oxide containing chromagenic hosts. These solutions were initially sprayed
onto a silica glass slide using an airbrush and permitted to dry. The spray
coated slides were then placed into a cuvette containing a solution of 0.1N
HCl0,. Spectra were obtained using a Bausch and Lomb Spectronic 2l between
the wavelengths 350-950nm. This solution was then replaced with 0.lN HC1Q4
containing 1g/200ml phenylalanine and allowed to sit for 20 minutes prior to
acquiring the spectra again. Corresponding absorbance vs wavelength plots
found for respectively chr.magenic hosts (VIII) and (IX) are shown in Figures
5 and 6.

1.3
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0.5
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L == Quinuline chroma-
= genic hose and
di-phenyltaslanine
o]} W NPT PO S e . i e Quinoline chroma-
300 400 SCO 600 700 SO0 gentc hosc

WAVELENCTH rm

Figure 5. Comparison of absorbance vs wavelength plots for immobilized
quinoline chromagenic host with and without phenylalanine.

As can be. seen, no major differences in spectra between host and host/guest.
complexes were apparent. In any event, the depth of rpenetration by the ewvan-
escent wave at the fiber optic/host interfacial region (Figure 2) is dependent,
in part, upon relative relractive indizes between the fiber optic (ny) and that
of the immobilized chromagenic host or host/zuest complex {(n7). :ence, pertur-
bation in ny/np as a consequence of host/guest binding between the subj2ct acyc-
lic polyethers and a given amino acid wight be expected to be detectable by
changes in n>. Furthermore as 1s well documented, absorbance changes with
raspect to concantration for a ziven species of interest ara given bSv the
Lambert=-3eer law frcm:

A = zhe (4)
7Jhere A corresponds to absorbancze, : the molar absorpzivity, b the light path
length through the medium containing species of intsrest, and ¢ is the species
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Figure 6. Comparison of absurbanca vs vavelength plots for {cmobilized

phosphine oxide chromagenic host with and without phenyla-~
lanine. i

concentration.

at

Thus a species concentration ch nge will be expected to give,

a given wavelength, a directly relatad change {n evanescent wave absordance
for light transmitted through the optical fibar and result in a conaequent
modulation {n thte light {ntensity. However, since the molar absorptiviev A {s
dependent upon (he. refractive {ndex of the medium, which In the case of {nterest
here will in~-part be dependent upcn interaction of the evaneacent wave at the

host, guest/fiber optic wavewride {nterface, then {ncorporating refractive index
n; into {4) above will give: ' '

[0 ¢ Y
A = - , be ("
(n§ )~

Therefore, from the above, changes {n refractive index can be sxpected to
modify transmitted light {ntensity through an optical {iber even {f little or

no change {n absorption wavelengtii shift occurs.

an amino acid guesrt

Additionally,
fnto the chromagenic host cavities could be esxpected

2y t
Tt

fncluaton

result in modificagion nf the host dieleciric propertiesa, thus also intfluencing

the

hinding,

evanescent wave and leading to a sf{ynal change aganciated with amino acid

Aa will bhecome avident later, auch oprical changes Jdid unequivocally
reault in our ability to reveraihbly detect amfno acids uasing the subhinct

tmmebilized chromagenic hosta,

Farthermore, aptical chanies detecterd werse

found to

hear

a

Iinesr relazfon to the

roncentrat {on

of

amfne actd (phenylia-
lanfne) intreduced into the fiber optic detector call tor a elven restdence
time and solution flow rate, '

Honce optical Jdetection of hoat/guedt chemistry st

“ensor,

A tiher optic evanescence’
wave

interaction hetween the evanegcent wavs and chanees {0 refractive

dielectric properties aasociated with hoat/guaat chemiatry at the futertadial

rezion,
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c. Fabrication and Evaluation of (VIII) and (IX) {in Cellulose Ace:ate

Membranes Immobilized on Fibe~ Optic Probes for Amine and Amino Acid
Detection.

The objective here was to determine the utility of immobflized chroma-
genic hosts (VII1) and (IX) present on the outside of an unclad optical fiber
for the reversible optical detection of amino acids in aqueous solution.
Aming acids of immediate interest in this Phase I effort included phenylala~
nine, dopa (3-hydroxytyrosine) and tryptophan.

We will now discuss electronics used for fiber opcic {instrumentation,

optic fi{ber coating procedures and results obtained for the detection of amino
arids In aqueous solut{ions.

1) Electronic circultry for fiber optic sensor.

As shown schematically in Figure 7, the transmitter circuit used was
based around a 555 t{mer arranged i{n a basic astable circuit with an output
of about laékHz (2/3 on, 1/3 nf€). The nutput was connected to & D44HS power
transistor used to drive the super bright !'D. Thae LED, which has a peak

~emission at AHGnm with a luninous intensitv »f 300Cmcd, vas coupled to a 1000um

fiber aotic cable leading to the optical sensor and reference circuits.
The receiver was desizned around two sf{mi{lar independent circuits, the
first being the s{iznal channel and the 1econd the reference channel. Here
{ght from aensor and reference cables was coupled {nto tvo Sharp B8S530UV
shotodiedes. As deen fron Filgure 4, this Jetector had a very wide range of
qnn§~cxlity_ 20031 150nm with SC0-900nm failling above BOX peak sensitivicy. The
gae of aignal and reference channels along with the use of sample and hold
cirruttry was chosen to provide low hackgzround drift and high signal to noise
capability. The overall principles tehind the circuit vere hased upon a nvnchron-
ous sample-and-hold circuit firat developed at Sandi{a National Laboratories.
The oshotodiode was ronnected to the MOS/FET {nputs of a CAII4DA ap. amp.
Thae output was then fed through a DC blocking capacitor {nto an 0OPOJ7 op. amp.
cirruit to .urther amplify tha signal which was then fed fnto a SM’3] «ample
and hold ¢5/H) cirrufe,  Tha 5/H aignal was controlled by the 559 timar chip
sermitting svnehronoua deteccion of amall nptical changes. The rample and
Hold ouraur waa fed {(ntco a RC filter to remove any traneients. [n the final
ataze the gignal was amplified to qtve a voltage d{rectly proportional to the
Pleht coming from che secqar,

The nae ot 4 rerarence afgnal channel compensated {or the well known

Irife {0 5D caeonue with temperat-re. Ad 2 onasquence the aipgnal channel
wad o auhtracted from orhe retarence channel therehy araducing 4 atable hasel ine
sianal,

: trorten ty the recafvyer/rranamitrer clreatee, 4 fizizal fata acquiai-
| Y R Sloaare ) was taihricated ro oacaaire and crncaqe the qengor e{znal
s arraras cantral, ™M dara v gate1rion quaten song{ated of 1n analog
T bl converter, memory and i o anroereqnor, Tlte i rproceesnr nted was
n tar e T SR A AT el b it -fn 2ASTD computer langiage, and an FPROM pro-
et diroectly atrached to a4 0 r daty trangter,
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Figure 7. LED/Photodetector circuit for optical waveguide sensor.
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Figure 8. Spectral sensitivity of the 39530UV photodiode used for
detecting optical signals in this work.
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Figure 9. AD/DA converter circuitry for digital data acquisition.

Analog to digital conversion was performed using a National Semiconductor
ADC1205CCJ chip which had a resolution of 12 bits plus sign and a .conversion
time of 100us. Depending on the voltage window being sampled, resolution
ranges from i.2 to .l12mV wers achievable. Finally, the microprocessor was
wired to an alpha-numeric LCD module to nonitor the photovoltage and other
relevant information.

Initial operation of the prototype consisted of zeroing tha signal and
reference channels while the optical sensor was '"turned off". Once zaroed.
the unknown amino acid guest molecule dissolved in aqueous solution was {ntro-
duced into the glass compartment of the fiber optic sensor (Figure 10a) via a
peristaltic pump and the signal channel adjusted for signal optimization. This
was then stored {n the data acquisition svstem for subsequent graphic output.

11) Preparation of fiber optic sensor.

The fiber optic cable used her~ possesaed a 1000um polyﬁethylmethacry-
late core. CGenerally a 2 inch section of the fiber optic cable jacket
waq initially carefully removed using a aharp blade. This was followed by
highly abrading with 220 arit fine 1lumina sandpaper for cladding removal. The
chromagenic host was elither .95 or 4,32 /20m1 and the cellulose acetate
0.053/20mL in the acetone solvent. This :nlu.fon was spraved onto the fibet
optic using an air bdrush, A few passr3 were a2 alorg the length of the ax=-
posed fiher and the solvent allowed to evanorate prior to ancther deposit being
made. This waaz . repeated une{l “1'ml of cthe cnating s~lution had hewen used.
The coated filber was aliowed to drv for 10-3) =inutes and then movnted in the
2liss =ensor cell compartment (l¢m lonk, “mm ON), shkown in b ~:ire lia. A
schematic ot the overall exparimentil arranuement used for amino =44 optical
datocrion 15 shown {n Fipure 10h, voeration of tha -ensor f{nvelved . icially
fiiliny the zlass sensor romoartment with

Aquenus sninvisn (O0IN HCLOL) asip
1 peristaleic pump prior to turning on the

N

Teansor circyfitry.  The solution waa
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peristalcic _ optics
- pump fep photo-
' L detecto
, H " P—X-Y recorder

b) Overall experimental arrangement for introduction and removal
of amino acid containing aqueous solution,

Figure 10. Experimental arrangement used for optical detection of amino
acids. ‘

then pasced through the cell at a flow rate of 12ml/min~! to provide a back-
. ground signal. Flowing solutions were now changed for those containing dis-
" solved amino acids of interest for detection while the voltage output from
the photodetector was monitored. Photographs of the actual fiber optic cell
and overall experimental arrangsment used during this Phase [ program are shown
respectively in Figures 1l and 12.
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wires to LED
light scurce

aqueous sample .
outlet

fiber optic cable:
within (dark) glass
sensor compartment

aqueous sample
inlet

fiber optic cable
to detector circuit

Figure 1l1. Photograph of fiber nptic cell arrangement used during

this investigation for reversibly detecting amino acids
'in aqueous solution.

111) Fiber opticAsensor evaluation for the reversible detection of
amino acids in aqueous solution.

All measurements were performed with appropriate experimental controls
being taken which included a) initially passing aquecus solution, with and
without the amino acid of interesz, past the exposed fiber optic in the absence
of any surface coating, b) repeating the above experimental sequence with a
sprayed cellulose acetate film but in the absence of an incorporated chroma-
genic host, and c¢) again repeating the above experimental sequence with the
chromagenic host {ncorporated within the cellulose acetate coating on the
fibar optic surface. In all cases during this work no detectable optical .
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fiber optic
cable
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Figure 12. Photograph of overall experimental arrangement used in

this Fhase I program for optically detecting amino acids
in aqueous solution.

Tesponse was found in the absence of the subject chromagenic hosts incorpo-
rated within the cellulose acetate coating on the fiber optic.

' » Figure 13 'shows typical results for a fiber optic coated with the chroma-
genic host (VIII) to lg of phenylalanine in Z00ml of 0O.1N HCl04. The fiber
optic was coated using the previously discussed procedure. Upon passing the
amino acid 'containing solution past the fiber optic, a distinct photovoltage
absorption signal ''as observed corresponding to perturbation of the evan-
escence signal wi.uin the fiber optic. Upon replacing the amino acid con-
taining HC1O0, with a solution containing ouly HC1O,, *he optical signal was
removed. The observed response time was dictated by the solution flow rate
into the sampling fiber optic cell. Most significant was the observation
that these signals were 1007 reversible. . .

As one might expect, incorporating a higher concentration of the chroma-
genic host withia the cellulose acetate film on 'the fiber optic might result in
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 Figure 13. Phenylalanine response at evanescent wave optical sensor.
Solution = lg phenylalanine in 200ml H90 (0.IN HC1O4).
pH = 2-3, fiber was spray coated with 20ml of solution
containing .005g of quinoline chromagenic host and 0.05g
cellulose acetate. Solution flow rate 12ml/min.

signal enhancement. Tnis expectation can be seen in Figure '14 where a four
times higher concentration (0.02g) of the chromagenic host (VIII) was used

in the acetone/cellulose 'acetate solution sprayed onto the fiber optic wave-
guide and the corresponding photovoltage output for the same concentration of
phenylalanine was found to approximately double.
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Fizure l4. Phenvlalanine response at evanescent wave optical sensor.
Solution = lg phenylalanine in 200ml H,0 (0.1l HClC,).
oH = 2-3, fiber was spray coated with 20ml oi solutionm
containing .02g of quinoline chromagenic host and 0.05g
cellulose acetate. Solution flow vate 12ml/min.
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This gives further evidence that the optical change observed is dependent
upon the chromagenic host and may be explained by an association of the type
represented previously in Figure 1.

Using the same coated fiber optic as in Figure 14, we evaluated the
response of immobilized host (VIII). to the amino acid tryptophan. Interest-
ingly, no detectable optical response was found compared to phenylalanine.
This experiment was now repeated using the following experimental sequence
for passing aqueous solutions through the fiber optic containing cell:

1) aquecus solution (0.1N HC104) containing no amino acid, 2) aqueous solu-
tion containing tryptophan, and lastly 3) aqueous solution containing both
tryptophan and phuenylalanine. The resulting optical response curves obtained
from tluis sequence of experiments are summarized in Figure 15.

100
L amino acid out (T § P)
- R
. o
w ~7S}-
2 s
] L
3 ;
. -
ot -
2 sot-
o s
>
s -
S -
£
5 25 = ‘+v+., Tryptophan only (T)
5 8 smine acid in ‘ = = = Aqueous solution only (S)
3 L (T N ) ——— Pheny}alaninc (P)
o] SWNEUENIIEE SIS ST RS TR B and Trypeophan (T)

e

SO 100 1se 200, 250 300
TIME S

Figure 15. Comparison of optical waveguide seansor response to
, a) aqueous 0.1N HC104, b) tryptophan (1g/200ml), and
¢) phenylalanine (1g/200ml + tryptophan (lg/200ml) at
an evansscent wave optical sensor coated with quinolihe
chromagenic host (VIII). Solution flow rate 12ml/min.

The significant experimencal observation here was that no optically
detectabie response was evident upon exposing the quinoline based host (VIII)
to tryptophan and that the corresponding signal for phenylalanine when using
tryptophan/phenylalanine mixtures was also identical to that for phenylalanine
solutions where tryptophan was absent (Figure 14). Thus, the chromagenic
host (VIII) shows selectivity towards phenylalanine in the presence of tryp-
tophan. The reason for this selectivity may be a consequence of steric dif-

ferences between phenylalanine and tryptophan associated with their inter-
action with the immobilized host (VIII):

N
CH)CH COOH s <::)
NH

CH,CH COOH
NHop
Phenylalanine Trypeophan
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As has been previously discussed, the incorporation of hydroxy groups
onto the aromatic ring of a given amino acid would be expected to decrease
cation hydrophobicity, thus resulting in somewhat weaker binding to the acyclic
polyether host and correspondingly smaller optical response. To examine this
further we investigated the optical response from 3~hydroxytyrosine (dopa)
corresponding to the addition of two hydroxy groups to phenylalanine.

Ho CHCHCOOK
NH2

HO
3-hydroxytyrosine (dopa)

The corresponding optical response curves for two loadings of f£iber optic

supported chromagenic host (VIII) to 3-hydroxytyrosine are summarized in
Figures 16 and 17.
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Figure 16. 3-hydroxytyrosine (dopa) response at an evanescent wave
optical semsor. Solution = 1g/200ml Hp0 (0.1N HC1O04).
pH = 2-3. Fiber was spray coated with Z0ml of solution
containing .005g quinoline chromagenic host (VIII) and 0.05g
cellulose acetate. Solution flow rate 12ml/min~t.

Again, as previously shown in Figures 14 and 15 for phenylalanine, higher
apparent loadings of the chromagenic host on the fiber optic resulted in
enhanced optical signals. The actual loadings of chromagenic host (VIII)
deposited on fiber optics from which optical responses were obtained were not
known, however, with great accuracy at tnis stage. ‘ ' :
Our general observation was, however, that for immobilized chromagenic

host (VIII) supported on fiber optic sensors in nominally the same manner,
somewnhat smaller optical signals were found for 3-hydroxytyrosine compared to
ohenylalanine reflecting a weaker binding by 3-hydroxytyrosine to the acyclic
polyether host cavity. In any event, the optical response obtained from the

fiber optic supported chromagenic host, when exposed to aqueous solution con-
taining this amino acid, was found to be totally reversible.
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3-hydroxytyrosine (dopa) response at an evanescent wave
optical sensor. Solution = 1g/200ml H,0 (0.1N HC104).
pH = 2-3. Fiber was spray coated with 20ml of solution
containing .02g quinoline chromagenic host and 0.05 cel-~
lulose acetate. Solution flow rate 10ml/min.

. . Fiber optic sensors incorporating the immobilized phosphine oxide chroma-
genic host (IX) were also evaluated for the optical detection of phenylalanine.

Here although good sensor response and reversibility was observed, a significant
baseline drift was evident as shown in Figure 18.

placed on the quinoline chromagenic host (VIII).

Consequently emphasis was
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Figure 18.
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Phenylalanine response at an evanescent wave optical biosensor.
Solution = lg phenylalanine in 200ml H,0 (0.1N HC1O04). pH =
2-3. Fiber was spray coated with 20ml of solution containing
.005g phosphine oxide chromagenic host and 0.05g cellulose
acetate. Solution flow rate 12ml/min.
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We now investigated whether there was any clear correlation between the
fiber optic response and the concentration of amino acid present in the solution
passed through the fiber optic glass sensor compartment. This was performed
using the quinoline chromagenic host (VIII) deposited onto the fiber optic
waveguide as previously discussed (0.02g/20ml acetone and 0.05g cellulose
acetate/20ml acetone). Into the glass fiber optic sensor compartment was
passed phenylalanine in 0.1N liC10; between the respective concentrations 136
and S44ppm/mole. Solution flow rate was l2ml/min. Figure 19 summarizes the
‘photovoltage output obtained from the fiber optic for four phenylalanine con-
centrations. As 1is evident, a clear correlation was observed between phenyla-
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Figure 19. Sensor response to four different phenylalanine conceﬁtra—
tions (ppm values are mole based) at a quinoline host
modified poly(methylmethacylate) fiber optic sensor.

lanine concentration and the detected optical response. In these measurements
the phenylalanine containing solution was passed through the cell for between
100 and 113 seconds after which only J.1N HCl0, was passed. Upon plotting the
photovoltage output response obtained after passing the phenylalanine solution
through the detector for 100 seconds versus the initjial phenylalznine concen-
tration, we can see that a reasonably good liunear correlation could be obtained
as shown in Figure 20.

In summary, the above discussed results are all in support of acyclic
polyether hosts, when immobilized.onto fiber optic substrates, for achieving
reversible, selective and quantitative detection of amino acids in aqueous
solution. As we have previously discussed, optical detection of the subject
host/guest chemistry, after interaction with the evanescent wave, did not
appear to eXclusively rely upon distinct wavelength dependent absorbarce changes
being present but possibly upon perturbations in refractive index or dielectric
properties at this interfacial region. /Increased selectivity and sensitivity
for a given host/guest association might be expected to be enhanced further,
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Figure 20. Relationship of relative photovoltaic qutput of quinolire
host modified fiber optic sensor to phenylalanine ' concentra-
tion after 100 seconds solution flow through detector.

however, by the judicious selection and incorporation of chromagenic groups
within immobilized host molecules on the fiber optic substrate which produced
distinct absorbance signals. Furthermore, we anticipate thar the response and
sensitivity of the subject evanescent wave fiber optic detector may also be
improved by i) increasing the length of the fiber optic/host:guest interaction
region, and ii) increasing both the LED output and photodetector gain. We
anticipate that this will permit detection levels for phenylalanine and
3-hydroxytyrosine to be achieved in the ppb/mole {0.00lg/200ml) region using
the current approach. '
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