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Low-cost instruments for measurement in medicine, biotechnology, and environmental monitoring
are presented. Recent developments in optoelectronic technology enable practical compact designs.
This article presents the available types of light emitters, detectors, and wavelength selection
components that are used in low-cost instruments. The main spectroscopic tecliaipoeption,
reflectance, luminescence intensity, lifetime, and polarization, evanescent wave and surface plasmon
resonancethat are used with these instruments are described. Numerous examples of devices for a
broad variety of biomedical measurements are presented0@ American Institute of Physics.
[S0034-67480)00112-X

I. INTRODUCTION In their vast majority, biomedical measurements are tar-
geted to the measurement of concentrations. The most com-
Biomedical measurements find their applications in threanon (and most importantanalytes arepH, dissolved oxy-
broad areas—medicine, biotechnology, and environmentajen, CQ, differentions(K™, Na", CI-, C&", Mg, etc),
protection. In medicine, there is a need for rapid analysis ofirea, and glucose. Depending on the area, additional analytes
blood, serum, and other body fluids; biotechnology relies orare of interest: fatty acids, vitamins, lactate, various proteins,
measurements for bioprocess control; in environmental probNA, and RNA. In biotechnology, there is also a need for
tection there is a requirement for information about pollut-evaluation of cell mass concentration and cell parameters. In
ants. environmental protection, there is a substantial need for mea-
Currently, the available laboratory medical analyzers argurement of chemical oxygen demaf@OD) and biological
highly effective, but the cost-per-sample is low only in casesoxygen demandBOD).
when large numbers of samples are assayed. Furthermore, The range of the measurement can vary several orders of
they usually require special conditions for operation, specifignagnitude(10~*~10"*? M). Typically, the concentration of
sample preparation, and trained personnel. These conditiogucose and the ions responsible for membrane potential is in
are met easily for the clinical lab in hospitals; however, clini-the millimolar range. Concentrations of different vitamins
cal testing is also needed during surgery, in smaller medicadnd minerals vary from micromolar to nanomolar, while con-
centers, in emergency vehicles, as well as in point-of-cargentrations of different hormones are often picomolar. As
sites. The basic requirements for these measurements are Mfrect physica| measurement of these concentrations is not
pidity and high reliability of the results. In biotechnology, possible, a preliminary chemical reaction is often employed
there is a continuous need for on-line measurements of Varhs “chemical amp”fication_” This reaction produces prod_
ous bioprocess parameters, especially the concentrations @éts (or involves substrate@svhich are easily quantified.
substrates, products, different enzymes and inhibitors, pro- Ideally, all the reaction chemistry is “packed” in one
moters, and repressors. However, typical on-line measurab[g»,tity (sensoy, which is read out by a specific devi¢eans-
parameters usually includeH, dissolved oxygen, and bio- gycej. The transducer could employ different physical prin-
mass concentration, and most other parameters are measugfles for the conversion process—electrochemical, heat pro-
off-line, using the aforementioned conventional analyzers. Iy, ction, mass changes, etc. In this article, we concentrate on
many cases, ready-made analyzers are not available, and apgyjices employing optical transducing techniques.
lytes are determineq using decades old analytical techniques. Optical detection of analytes is one of the oldest and
Furthermore, sampling often creates other problems such g§ost established techniques. The newly developed devices
the need to maintain sterility, as well as decreasing the workare easy to compare with the existing methods. Optical tech-
ing volume. In environmental monitoring, there are no suchyiques are especially desirable because of their inherent

problems; on the other hand, the analytes there are ofteghferythe transducer does not require direct physical con-
quite different from the other two areas—typically pollutants 5.t with the sensor. They could be spatially separéieel

(oils, pesticides, herbicidgsr harmful bacteria. use of light guides is optiongland yet still allow reliable
measurements. Another advantage of optical methods is their

3Electronic mail: grao@umbc.edu high efficiency—they can be designed to cover the entire
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range of biomedical concentrations, down to single moleculdFWHM). Its optical power is usually in the range 0.1-5
detection. mW prior to filtering (LEDs with lower power outputs are
The cost of instrumentation for measurement in case ohot practical for measurement applicatibn®ther advan-
concentration measurement is the combined cost of the setages are the possibility for direct electronic modulation to
sor and the read out device. Recent developments in semiery high frequencies Kot IS Usually in the range of
conductor technology and especially in optolectronics enabl&—100 MHz, and reasonable modulation is achievable up to
very low-cost read out devices, which can detect changes iB00 MHz, depending on the LED typevery long life
a very small volume. This decreases both the required volf100 000 h, small dimensions, high energy efficiency, and
ume of chemicals and the sample. low cost (~$2). One drawback is the very long “red tail” of
There are several books and review& ! on different  the spectrum, which still imposes a requirement for filtering
aspects of optical sensors. Additional information may alsdhe output light.
be found in regularly published reviews on chemical  Another choice for light sources are semiconductor laser
sensors?~1* The aim of this review is to concentrate on diodes. Like all lasers, they emit in a very narrow spectral
low-cost optical devices for biomedical measurements, i.ehand(0.5—-3 nm FWHM. The available optical power is in
devices that cost approximately 10 or more times less thathe range of 3-5 mW; however, in IR there are much more
the conventional appliances used for the same type of megowerful LDs, with available optical power up to 10 W. An
surement. Our intention is to give a picture of current opto-additional advantage with LDs is the fact that there is no red
electronic technology that allows creation of such devices, tdail in the emission and consequently, no need for light fil-
describe optical principles and techniques used in this instrutering. Their lifetime is also very long—2000-100 000 h, the

mentation, and to present a few examples. dimensions are still very small, and the price is still low

(~%$40. However, LDs are available mostly in IR and the
Il. TECHNOLOGY FOR LOW-COST OPTICAL READ- red region; the first blue-violet LD only recently appeared,
OUT DEVICES and for the time being there are no LDs emitting in the UV,

Dblue, green, or yellow part of the spectrum.

The lack of LDs which emit below 600 nm is partially
compensated by diode pumped solid-state lasers. They are
based on LD pumping of a nonlinear crystal, usually
Nd:YAG, Nd:YLF, Nd:YVQ,, or other. The pumping LD
operates in the region of 1040—1060 nm or 1300—1340 nm.

Any optical device that utilizes spectroscopic technique
(with very few exceptionscontains four basic modules: light
source, light detector, wavelength selection delgceand a
signal processing unitPU). The last module can be analog
or digital (analog-to-digital converter (ADC)
+microcomputer. The advances in electronics now allow ) I
the PU to consist of just 1 integrated circ(i€). The power BY doubling or tripling the LD frequency, UV, blue, and
required by the PU is now on the order of 1—2 mW, the pricegreen laser gmlsspns are _generated. A brqad variety of
is <$20. However, until recently the same was not the Cas‘g,vavelengths is available. Diode pumped solid-state lasers
for light sources, light detectors, and wavelength-selectio?©SS€ss potentially all of the advantages of the normal LD;
devices. Newly emerged and commercialized technologieBOWeVer, they require much more power for the generation
have changed the situation, allowing a dramatic downscaling' the second or third harmonic. Despite the slow decrease in
of the dimensions, power consumption, and price of thelice; they are significantly more expensive $4000, as
modules; furthermore, the technological solutions offer arflis iS usually a complete laser system.

expanded lifetime and increased reliability of the instrumen-  Recently, the need for high stability sources in the UV
tation. and blue region has been met by the use of scintillation light

_ sources. They are based on long-lived radioisotope and scin-
A. Light sources tillation crystals which convert the radioactive emission

Until recently, the most widely used light source was a(_typ'(ig'g’ B particles into emission in UV and blue
glOW |amp The advantage of a |amp is the broad range Cor‘llght " The source is extremely Stable, with Slgnlflcantly
tinuous emission spectrum—from UV to IR. This makes itless drift in comparison with the other light sources, and has
possible to use it as an universal source by selecting a sp@-Projected life of 20 yr without needing external power.
cific wavelength for operation. It also has numerous draw-
backs: low power efficiency, low mechanical stability
(glass), and it is slow(for modulation it requires an external
device: chopper for low frequencies, or Pockels cell for high  PhotodiodesPD) are the preferred detectors for low-
frequencies Another choice is a laser—typically a bulky cost devices. They can operate at high light levels without
and expensive device, which requires laboratory conditionslegradation. Depending on the semiconductor material, their
for operation and is inefficient in power utilization. spectral response varies from 180 to 2600 nm. PDs are fast

The development of optoelectronics has resulted in thédepending on the internal capacitance, the bandwidth in
appearance of several economical types of semiconduct@ome cases is up to 1 GHzobust, and inexpensive. The
light sources—light emitting diode$§LEDs), laser diodes supply voltage is low(0—30 V); they can work even in pho-
(LDs), as well as diode pumped solid-state las@BSLS9. tovoltaic mode(requiring no power Their drawbacks are

Currently available LEDs cover the entire visible, a big the relatively high noise and the lack of internal amplifica-
part of IR and part of UV spectrum. The typical LED emits tion. As their output signal is usually small, they require
in a relatively wide band—40 nm full width half-maximum additional amplifier, which also introduces noise. As a result,

B. Light detectors
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the photodiodes can be used at low light intensitiween  rower the slits, the better is the spectral resolution and the
possiblg only by limiting of the signal bandwidth and using lower the output intensity.
noise-cancellation techniques. The grating is the most important part of the monochro-

Diode arrays and charge-coupled devi¢d€CDs are  mator, as it breaks the light into a spectrum. The classical
also being used in spectroscopy. While allowing simulta-ruled gratings have high peak efficiency and throughput.
neous observation of the whole spectrum, the devices andowever, they produce relatively high levels of stray light.
significantly slower than a single photodiode. For this rea-Holographic gratings, which are an important development
son, they find application mainly in steady-state devices. in recent years, produce much less stray light and have

An avalanche photodiodéAPD) is quite similar to a higher resolution; as a drawback, the efficiency is usually
normal photodiode; however it operates with significant exdess in comparison with a ruled grating. There is a special
ternal bias. Both the avalanche or nonavalanche mode axception from this rule—when the groove spacing to wave-
operation may be exploited. The nonavalanche mode enablésngth ratio is near one, the efficiency is virtually the same as
internal amplification of the detected sigr{aD to 100 times for the ruled grating.
or more than a PD APDs are fast—they can be used at In the newly developed monochromators, based on diode
frequencies up to 10 GHz. They require from 100 to severahrray or CCD array, no exit slit is employed. Instead, the
kV for operation, their internal noise is higher than normalspectrum is directed to a linear array of photodetectors. The
PDs, and they are more expensive than a normal PBize of the single detector determines the spectral resolution.
(~$%$200. Nevertheless, the signal-to-noise ratio of the APDsThese monochromators are significantly cheaper, possess no
is better as compared to the PDs due to the amplificatiormoving parts and are very reliable. Additional advantages
They are becoming increasingly popular because they caare simultaneous access to the whole spectrum and inte-
tolerate intense illumination, their sensitivity is comparablegrated optoelectronic conversion. However, their resolution
with some photomultiplier tubéPMT), and new dc—dc con- is lower in comparison to their stand alone counterparts; fur-
verters allow for use of APDs with standard low-voltage thermore, as they rely on diode arrays, they are mostly used
power supplies. at high light intensities.

A PMT is the ultimate choice for photo detector in case
where sensitivity, speed, and minimum noise are the primarytl. TRANSDUCTION TECHNIQUES AND EXAMPLES
requirement for the system. The internal amplification of a

PMT i to1l . Anoth t is th i- ; ) .
is up to 16 or more. Another advantage is the possi The interaction between light and matter changes the param-

bility of large receiving surfaces. The noise is significantly L 2 .
less in comparison with the solid-state devices. The draw?te'(s) of the photon f!ux, thus giving analytical information
bout the processes in the sample phase.

backs of the PMT include the need for a high-voltage powel”jl
supply (600-1200 V and the possibility of destruction by A. Absorption
overexposure. As the device is typically made of glass, it hai . )

. o . L . Basic equations
low mechanical stability. However, new designs of miniature _ . _ . .
PMTs (with metal enclosures, built-in power supply, and ~ The intensity of the light I passing through an absorbing
some of them include current-to-voltage convejtease Medium is determined by Beer—Lambert's law:
likely to be used more often in low-cost instrumentation. | =14 10 €C. 1)

Optical sensing involves probing samples with photons.

Herel, is the intensity of the incoming lights is the
molar absorption coefficient,is the thickness of the sample,
C. Wavelength-selection devices and C is the concentration. The law is generally applicable
(although not followed in all cases, especially when subse-

There are two common types of wavelength selchonquenL concentration dependent reactions gecur

devices—filters or monochromators. The filters used in spec- Another technique is reflectance measurement. The re-

troscopy are usually based on interference. They are used ST
monitor light at fixed wavelengths. The advancement of thin_ﬂ%ctance format for measuremtie probing light and the

film deposition technology has made available filters With,[ﬁ/sepic:]nzzsceowﬁg:‘o;n g::ZIS gtr)neersdg?glgsgrt;_cﬁéarrglzgﬁﬁ_ of
FWHM 10 nm, 50 to 75% transmission at the peak Wave-an absorptive sampFe in air is given by ’ y
length, absorption at the stopbardé4, and at a cost below

$20. Additionally, these filters are available mounted directly (n—1)%+K?

on a large-surface PIN photodiode. R=—7"—y,

Another recent development is linearly variable filtés. (n+1)°+k
They provide the possibility of varying the central wave- wherek is the extinction of the sample, amds its refractive
length of the bandpass. In the future, this technology couldndex. As can be seen, the reflected light intensity increases
be competitive with monochromators. as the absorption coefficient increases. However, the mirror

Monochromators are the best wavelength-selection detype reflection proved to be difficult for detection and is
vice known until now. In a classic monochromator, the in-generally not used in sensor-based instrumentation. Instead,
coming light is passed through the entrance slit, goes to thdiffuse reflectance is used. In this case, the sensor contains
grating where it is diffracted, and after that goes to the exitweakly absorbing sensitive species together with strongly re-
slit, which selects part of the resulting spectrum. The narflective material. The interrogating light is diffusely reflected

)

Downloaded 01 Dec 2000 to 130.85.253.105. Redistribution subject to AIP copyright, see http://ojps.aip.org/rsio/rsicpyrts.html.



4364 Rev. Sci. Instrum., Vol. 71, No. 12, December 2000 Y. Kostov and G. Rao

——— 4!:2

s O V7

Flow

| 4

\ 7 Fibers Sensing Reflestor
; membrane
LED ,/ N [ FIG. 2. Fiber-optic based absorption sensor. The reflector is positioned at
L // PD - some distance from the sensing membrane, allowing free access to the ana-
// V] lyzed solution.
%
[/ I spectrometer! There are commercially available battery

operated pocket LED based photometefsr water moni-
toring.

The standard absorption arrangement is often inconve-
nient. On many occasions, it is difficult, if not impossible, to
FIG. 1. Absorption sandwich type sensor based on flow-through cuvette. Ppass the sample through a flow-through compartment. In-
is the_ phc_)todiodgs is the sensing membrane. The block arrow representsstead, the sensor needs to be introduced into the sample un-
the direction of light. der test. This usually requires the use of fiber optics for light

- ) transmission to and from the sample and imposes the use of
and passed through the analyte-sensitive material. Here the) o ific optical configurations.

intensity of the reflected light decreases with the increase in° 4 possible solution is to use a reflector at the end of
the absorption coefficient. One widely used model is that of,o fiber(Fig. 2). This “folded beam” configuratio?*344is

Kubelka—~Munk® advantageous because the light passes the sensing layer
(1-R)?2 C twice—this allows the use of 50% thinner membranes, de-
FIR=—r =35 (3)  creasing the response time. The light still passes the solution
under the test, so the device requires sample-specific calibra-
whereR is the reflected lightSis the scattering coefficient, tion. The resulting signal is measured either using a single
andC is the concentration. photodiode, or CCD array for enhanced spectral analysis.
All the spectroscopic techniques described so far work  Another solution is to fold the light guid&s(Fig. 3. In
with some type of indicator Ind, wherind] is changing this case, the light passes the sensitive phase only, while the

following interaction with the analyte A: analyte penetrates the membrane from the side. The ap-
[Ind]+[A]«<[Ind—A], (4  Proachis not often in use, as it requires bending of the fibers
with a very small radius, which strongly increases the losses

[A]=K [Ind] 5 in the bent region.
~ Plind-A] The sensor does not need to consist of solid-phase chem-

istry. The efforts needed to develop a new sensor often are

not worth the potential benefits, especially when the target

_ ) ) ) application is in the field of process control or environmental
The first low-cost optical absorption devices that usedneasurements. In such cases, it is more advantageous to use

sensor chemistry were described 20 years?gdey were  ell.known wet chemistry, confined inside a permeable

based on the direct application of the Beer-Lambert's lawynembrane tubéFig. 4. The use of selective membranes

(Fig. 1) and typically consist of a LED as a light source, PD gjlowed for developing effective sensors for ammdfia,

as a detector, and a sensing membrane with covalently boungaoH (Ref. 47, chlorinated hydrocarbons, and heavy
indicator. The membrane is placed inside a flow-through cu-

vette. The device was capable of measuphigand albumin.
Using the same configuration, sensors were developed for | Fibers

measurement opH?*=* CO,,24728 NH,32%2° (both gaseous / \ﬁ

and dissolved in watgrglucose, urea, and penicilli,dis- L
solved oxygeri>*3various heavy metaf¥;*® chlorine® etc. — % __
7& -

2. Examples

All the examples described utilize visible indicators. NIR

indicators”-*®were also developed, because of the availabil- -
ity of NIR light sources. The technique utilizes the standard )
arrangement of a photometer. However, it is often not pos- i"’e‘:;‘b“im

sible to make reference measurements simultaneously; usu-
ally the measurements are performed on two or more
wavelength® in a ratiometric mode. This technique was em-
ployed for the detection of metal ion concentratibhg\s

_expected, the variety of ab_sorption _based low-cost devicegig, 3, Folded waveguide configuration. The arrows indicate the direction
increased after the introduction of LED-based of the interrogating light.
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Light Dissolved indicator the blood, which is the source of errorgnsufficient blood
removal, scratching the surface, &f Although they were
almost replaced by the electrochemical biosensors in the
whole blood and serum testing, these devices are used for
urine test$3%4 for determinations in cerebrospinal flfd
and veterinary car®®

Of course, it is not necessary always to have chemistry
packed at the sensor tip. It also possible to use the low-cost
read-out devices just for detection of the titration end point.
There are several examples of low-cost devices for
titrations®’:68

Almost all of these examples are capable of working
with steady-state light sources. However, in real-life mea-
surements, this approach will require protection of the sensor
from ambient light. The standard solution of this problem
(especially when LEDs are used as light souyrée$o modu-
late the interrogation light and to detect only the ac compo-
nent of the signal. As the signal levels are usually quite high,
there is no need to use lock-in techniques. Instead, the LED
Membrane signal is switched on and off and the difference is measured

asynchronously®® A second, reference LED is also
FIG. 4. Sensor based on liquid chemistry. The dissolved indicator is conused in a similar fashion in order to account for the changes
tained inside the reaption chamber by a semipermeable membrane. It jg the optical path_ The resulting signal is calculated from the
changed through the inlet—outlet tubes. measured intensitidgignah I reference @Ndl backgroundaCCOfding
to Eq. (4) (Ref. 39 as
metals*®9 Such sensors are used both in a beam-through
and folded beam arrangement. The use of wet chemistry al- -
. . . . . signal ! background

lowed renewing the solutions without disassembling the sen- |output=| 0 . (6)
SOr. reference ! background

The diffuse reflectance-based systems utilize probes with . ) N i
a specific design(Fig. 5). Instead of having an external re- 1 he sensitivity of the technique can be significantly im-
flector, the sensor chemistry is packed together with Whiteproved when rat|omet_r|c |nd|cator§ are used. In this case, the
scattering material. The interrogating light from a LED is [EDS are selected with peak emissions close to the corre-
scattered to pass the regions where the indicator is immobfPonding absorption maxima, and two detectors with corre-

lized and then backscattered to the dete¢s@miconductor sponding filters are used for simultaneous detection of the
photodiode.5 The arrangement has proven its viability, re- intensities at the signal and the reference wavelerdthke

sulting in development of sensors fpH 5252 dry reagent output signal in this case is calculated according to (&y.
strip for K™ in serum® chlorine gas* hydrogen sulfid&® _

and formaldehydé® The technique is well adapted for tissue _ signalgp; _ referenceep;
diagnosis”®® and noninvasive hemoglobin oxygenation oUPUC referenceep;  Signaleps
determinatior?®®°

The reflectance technique was also a basis for the first Again, it is possible to extend the technique by the use of
low cost, mass production blood glucose meféiEaey have background correction.

been in use for more than 30 years. The meters quantify the  Aj| of the described devices rely on a chemical sensor

ratio of the reflected Iig.ht from one or two differgnt SPOtS. that exhibits relatively high changes in absorbance. How-
The measurement requires removing the sarplping off  gyer, there are cases when the detection of very low changes
(AA<0.001) is desirable. One specific example is noninva-

Reflector

)

I DR sive detection of glucose concentration using its absorption
L / in IR region/?"3The problem is that a small change needs to
\\\ Y ~ be detected in a high background environment. One possible
s N b@ OO solutior’* is to simultaneously use two light sourcese at
Cj) (@) O peak absorption and the other at reference wavelerig#t
- \ OO (8 are modulated with the same frequency, but shifted at 180°
| Q0O in phase(Fig. 6). The amplitudes of the sources are adjusted
/’ to be equal. This results in a dc signal at the photodetector.
M Now, if there is a change in the absorption in one of the

FIG. 5. Diffuse reflectance sensor configuratidnis the incoming and Waveleng'ths, an .aC 3'9”‘."" ap.pears, which is easlly detected
outgoing light(through optical fibex, | is the bead with immobilized indi- _and ampllf_led. This tec_hmque is capable of detection _Changes
cator, DR is the diffuse reflective white bead, is the dialysis membrane. in absorption of magnitude 1¢—10 ° absorbance units.
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Measuring Fo/F(Fq is the intensity of absence of quenchérjs the
wavelength intensity in presence of quenchg@] is the concentration of
the quencher
Fo
F:1+KA[Q]. (10
K, is the association constant with the quenchEry
=[LQJILI[Q].
In this case, the measurement is based strictly on con-
Reference Sum centration changes. There are neither changes in the quantum
wavelength yield ¢ of the luminophore, nor in its lifetime, i.ezy/7
=1.

FIG. 6. Light modulation for detector of low absorptions. The intensities on . . . .. .
the measuring and the reference wavelengths are modulated at the same Dynamic quenching defined as the collision process in

frequency, but shifted at 180°. The sum of the ac of the intensities is 0. se@hich the quencher decreases the quantum effici¢any

the text for details. the lifetimg of the luminophore. The measurement is based
on determination of,/F or 9/ 7, accounting that
B. Luminescence Fo
Following the absorption of a photon, the excited mol- FZIJFKSV[QL 1D
ecules can lose energy through nonradiative relaxation, emis-
sion of a photon or energy transfer to an acceptor. The first 70
P Y 5 —=1+Ks[Ql. (12)

process always occurs; the other two are usually competitive 7

to it. The reemitted photons usually possess less energy al?{jsv is the Stern—Volmer constant. When luminescence

consequently, are shifted toward th_e red part. gf the SpeCtrur.T&hanges due to dynamic quenching, it is preferable to mea-
This dlfference_ in the Wayelengths IS a specm_c advantage 'Wure the lifetime instead of the intensity. The reason for that
comparison with absorption spectroscopy—it strongly de'is the fact that the lifetime does not depend either on the

creases theilevel of thg S.hOt noise, as only the emission i tensity of the excitation light, or on the concentration of the
observed. Since the noise is proportional to the square root

Ci)ndicator.

th? light Intensity, very 990d values of th_e signal-to-noise The above spectroscopic techniques are used when the
ratio can be achieved. This allows measuring extremely low

concentrations. down to a sinale-molecule detection indicator exists in only one luminescent form. There is also a
' 9 ' range of indicators that, upon association with the analyte,
form another also luminescent form with different character-

1. Basic equations . . :
q istics. There are two distinct, widely used cases.

Theiluminescence intensity i.s a fraction of the ab- (1) The absorptionand the excitationspectra of the
sorbed light. For a weakly absorbing sample associated and dissociated forms are different, the emission
Fo=(2.9Klybe,IC. (8)  spectrum is the same. The ratio of the luminescence intensi-

ties, in this case, depends on excitation light intensilt'kqs
and I\, parameters and the concentration of the associated
and dissociated form of the indicator:

Here ¢ is the quantum yield of the luminophore, is
the molar absorptivity ak.,, | is the optical path length in
the sample(C is the concentration of the luminophore, and
is a coefficient for instrumental factors. As can be seen, there Ix, b, €, [Ind]
are large number of factors influencing the measured inten- R= .
sity. For this reason, the instruments employing measure- I, #x,6,LINd=A]
ments of the absolute intensity should be extremely well de-  Recalling that the total amount of the indicafd in the
signed and calibrated. sensor is known and constant, it easy to calculate the cali-

Equation(8) describes only the steady state parametergyation function using Eq(5).
of the luminescence. In the event the excitation light is an () The emission spectra of the two forms are different.
impulse function, the luminescentedecays according to an | this case, the ratio of the emission intensities given
exponential law: wavelengthsis again a function of the analyte concentration,

L=Lgexp —t/7). (9)  with the advantage that the intensity of the excitation light

does not participate in the calibration function:

(13

Herel , is the initial luminescence intensity, ands the
luminescence lifetime. ¢y, €\,[1nd]

In the case where the analyte quenches the luminescence R= e [INd—A]” (14)
intensity, some of the aforementioned complications could 2 "2
be significantly reduced. If the analyte interacts with the  There are not many known ratiometric indicators. How-
ground state indicator according to Bg), forming a non-  ever, any intensity measurements can be converted to ratio-
luminescent product, the process is describedstgic  metric measurements if a mixture of two luminophores is
guenching The measurement is based on determination otised. On the other hand, this creates different types of
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problems—the most common one appears from the different  Often it is not possible to adjust the proper distance be-
photobleaching rates of the two luminophores. tween the donor and acceptor. However, if there is spectral

Another possibility is to measure the average lifetime ofoverlap, there will be some decrease of the luminescence
the indicator. If it exists in two forms with largely different intensity due to the inner filter effe¢absorption of the lu-
lifetimes, the apparent lifetime, determined by the phase shifininescence emission along the optical path between the ex-
of the harmonically excited luminescence,f;=tan¢/w), citation spot and the photodetedtoiThe relationship be-

is given by tween the luminescence intensity and the analyte is governed
5 5 by the Beer—Lambert’s law. This principle is used for inten-
a7y apTy sity based sensors.
1+ w272 1+ w27 There are many occasions, when the only available indi-
Tapp— . (15 cator is intensity based. Mixing it with a luminophore with
a17y 272 different excitation and/or emission spectrum as mentioned
1+ szi 1+ w%g allows one to create a reference for ratiometric sensing. An-

_ . . - _ other possibility is to use so called “modulation sensing.”
Consequently, if the fractional intensitiesof the lumi-  This situation occurs when two luminophores with substan-
nescence change, this leads to a change in the apparent lifggly different lifetimes (-,>1000r,) are present in the sen-

time. sor. If the frequency of the excitation light is=0.1/7,,
Often, it is not possible to find an appropriate lumines-

cent indicator, but there is an absorption-based one. In this ~ A; N A, A N A,

case, the effect of the resonance energy tran®&T) is B Vi+w?? \/1+w275_ V10001 1.01

employed. This is a transfer of the excited state energy from

an initially excited donor to an acceptor without the appear- =0.01A; +A~A;. (19

ance of a photon. The rate of the transtgrdepends on the In other words, the intensity of the long-lived lumines-

extent of spectral overlap of the emission spectrum of the.once is completely demodulatédk), while the short-lived

donor with the absorption spectrum of the acceptor, thgminescence is 100% modulated. Consequently, the modu-
quantum yieldQp of the donor, the relative orientatidnof  |5tion (ac/dg of the total luminescence is equal to the ratio

the donor and acceptor dipoles, and the distanbetween ¢ the amplitudes of the short- and long-lived luminescence.

the dpnor and ggceptor moIeCL_JIes. 'I'_he_0||St<'3m@"'it which |t one of the luminophores is sensitive to the analyte, and the

RET is 50% efficientthe donor intensity is decreased t0 0né giher is not, the measured ratio is a function of the analyte

half of th_e intensity in absence of quenchés called the concentration.

Forster distance. The dependence of the rate on the distance A special case of luminescence measurements is the de-

ris given by tection of the anisotropy. This involves probing the sensor

1 [Ry\® with polarized light and measuring the vertical and horizon-

kT=—<—) , (16) tal components of the luminescence emission. The anisot-
o ropy of the sensor is given by

whererp is the decay time of the donor in absence acceptor. =1,

R, can be calculated from the Eter equation r= (20)
(Al

r

- - /
Ry=9.78<10° k*n~*QpJ (M) ™", (17) Herel, andl, represent the vertical and the horizontal

wheren is the refractive index of the medium. In solutions, componen't of the luminescence. The measured anisprropy
k2 is accepted equal to 2/3. of the luminescence depends on the fundamental anisotropy

If there is no covalent binding between the donor and thf the moleculer, and the rate of its rotational q|ﬁu5|(§r1.
acceptor, the rate of RET strongly depends on the acceptdi€ dependence is given by the Perrin equation:

concentration. In the case of the unlinked donor and accep- r, T
tor, the impulse function of the quenched intensity is given = =1+ =1+6D7. (21)
by

Here 7 is the luminophore lifetimep is the rotational
t \F correlation lifetime, and D is the rotational diffusion.
'DA(t):loeXF{_ T_D_271 % : (18) There are also a significant number of other lumines-
cence effectdi.e., twisted intramolecular charge trangfer
Here y, is function of the acceptor concentration. Exten- and technique&ime resolved fluorescence assays, frequency

sive math_ematical treatment of.the RET based sensors majbmain gated detection, etcThey are rarely used in sensing
be found in the book by LakowiczSensors based on RET and almost never used in low-cost instrumentation at the

are very useful for custom tailoring of a sensor to specificpresent time.
analytes. However, when the donor—acceptor pair is immo-

bilized inside a matrix, one practical problem is the possibil-
ity for leakage of the acceptor, thus changing its concentra?- Examples

tion. A useful solution would be to make a covalent link The typical optical configurations for luminescent mea-
between the two molecules. surements of solutions are shown in Fig. 7. The right angle
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.
9 A0EK0

FIG. 9. Multifiber multisensor array. In the exploded view, a bead with

a) b) immobilized indicator attached to the end of the fiber is sho@ris the
microscope objectivel. is the light source, DhM is the dichroic mirror.
FIG. 7. Optical configurations for fluorescence measuremémtt. format; CCD-CCD camera.

(b) front face format, often used with sensing membranes. The excitation

and emission filters are not shown.

Na+, K+,PBZ,88 Cl—e,9859 98F_190 N(gg,gl Cd2+,92 riCin,93

. . . . cholesterol,” glucose;> *°and DNA™ have been developed.
format is used, when the sample is optically dilte<0.1), There are alsgo examples of sensors forg\iP Na™ 1t arr]jd

as this diminishes the inner filter effect. Front face geometryK+ 102 aced on i P filter effects. S > fth 'RET based
is employed for higher optical concentrations or when sens-* '’ ased on inner fiter efiects. some ot the -hase

. . ’ 4
ing membranes are used. Low-cost fluorimeters are comme?—enﬁ%rs afre also l:.sed SS mten.Tlty seerSr’f’. f th ¢
cially available for solution measuremettsAnother ex- € aforementioned examples are Just Some o thé mos

ample of direct fluorescence measurements is the newclgecent developments, and the number of sensors for different

developed corneal fluorimeter, which measures the autoflu nalytes CO”“ry;f—‘fo}o grow. Multianalyte sensors are also be-
rescence of the cornea to evaluate the level of diabetil’¥ developgo‘. The increased number of analytes that
retinopathy’®77 can be monitored has led to the development of a new class

Most of the recently described instruments use chemica(i)f sensprs{Fl_g. 9, based on multifiber bu_ndlég*?_ N
sensors. The devices for intensity measurements usually uti- Optical f|ber_s are not the only used “ght gu|d_e. Another
lize fiber optics for light delivenfFig. 8@a)]. The excitation often used carrier is a glass_slab or capﬂ?é"r)(!:lg. 10.
is delivered through one of the shoulders of a Y-type opticaIWhen used tpgether with an |mmob|!|zed Sensing phase on
fiber to the reagent phase and the emission is observéHe.Surface’ I allgw_s for very effectwe decou.plmg of the
through the other shoulder. It is also possible to use a singlgxCltatlon a_md emission. Cap|llar|es_ are “Seo_' simultaneously
fiber format[Fig. 8(b)]. Using variations of this setup, sen- as quegwdes,_carners of the Sensing ch.emlstry, aqd sample
sors for pH,’87® oxygen®®8L CO,,828 NH,, 845 sulfidess cpntalners in different commercially available medical de-
vices for blood gas analysts$®
In low-cost applications, when photodiodes are used for
Q/LED detection, the sensitivity of the fluorimeter is limited by the
noise performance of the electronics. This imposes a require-
ment for use of noise cancellation techniques, such as lock-in

S . . . . . ;
detectiort'® or a special shaping of the signal with long times

ExF of integration and an additional cycle for the cancellation of

+— the ambient light.

EmF Ratiometric measurements are preferable in comparison
to intensity based, as they rely on comparison with an inter-
nal standard—the ratio of two intensities. This eliminates

a) many of the possible sources of error. Ratiometric sensors
PD have been developed fqH,1°-119 Ng™ 120121 K + 122123
LED T _— —
—>
%;,:» /] W}
ExF i S I\| ﬂ
—=— D s Q’LED
—~rD b)

FIG. 10. Slab(or capillary) waveguide configuration. The incident angle of
FIG. 8. Frequently used fiber-optic configurations for luminescence meathe excitation light is greater than the one for total internal reflection, so
surements(a) Y-type fiber;(b) single fiber. ExF is the excitation filter, EmF only a very small amount reaches the detector. The emission is well coupled
is the emission filter, PD is the photodiode, DhM is the dichroic mirror.  to the waveguide.
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ExF, devices!**~%° The sensors have been also successfully
ExFi commercialized?®
Other often measured quenchers are’¢{1%8and SQ.

l;) < ql 149 Their sensing is also based on dynamic quenching. How-
bie ever, th_e lifetimes qf the fluqrophores are shorter and the
LED frgle)“ modulation frequencies are higher.

Lifetime detection was also successfully used for mea-

surement opH (both using long*° and short®! lifetime sen-
b ENF sory, Na", 152 K" 1% cg* > and Mg *.%%® The detection
is based on two-state indicators, and the apparent lifetime is

FIG. 11. Dual excitation configuration for ratiometric measurements ExF ;sed for measurements. RET-based sensors are also fre-
ExF, are the excitation filters, EmF is the emission filter, PD is the photo- T .
diode. If at the place of the photodiode a LED is used, and vice versa, the Sauently used in lifetime detection. Energy transfer sensors

up becomes dual emission configuration. were used for measurement juifl,*>® CO,,*" NHj,**® and
glucoset>® Changes in the lifetime due to changes of polarity
have been wused for measurements of the water
cat, 2418\ g2t 126 and €Q.1%" The most recent develop- concentratiof® in nonpolar media. Fluorescent lifetimes
ments are the design of ratiometric sensors for'@and  have also been used for measurements of temperdfure.
oxygen'?® Most of them are compatible for use with the =~ Measurements of the phase shift are performed using
commercially available UV and blue LEDs. This allows the different techniques. At low frequencies, it is possible to
use of low-cost devices for intensity measurements. Ratiocompare the output of simple zero-crossing detecttrs;
metric measuring devices have been also desclitféd.one  however, the accuracy of such systems is low. Significantly
of the designd3! the fluorometer uses blue and green LEDsbetter results are obtained using lock-in techni¢tfe@sing
for excitation h a T format(Fig. 11). The emission intensi- solid-state integrated circuits for synchronous detegtion
ties of apH sensitive dye are asynchronously detected andiowever the accuracy of the lifetime determination varies
converted in duty ratio of a square wave. The device is alsavith the lifetime. The best accuracy is achieved using phase-
capable of measuring the luminophore concentration. It isocked detectiot® but the technique was used only for de-
easily adapted for dual excitation or dual emission mde. tection of very long lifetimeg5* Low-cost devices were not
Another low-cost design is a laser diode based sensor favailable for measurements of nanosecond lifetimes; the use
field measurements of the F685/F730 chlorophyll fluoresof a lock-in amplifier for lifetime measurements at this time
cence ratid® scale has only recently been report€tiThere is a signifi-

A variety of instrumentation is based on lifetime mea-cant commercial interest in the development of lifetime de-
surements. Like ratiometric measurements, lifetimes are alsaices, as can be concluded from the recent patent
insensitive to the variations of the excitation light, optical literature®6-16°
path, and concentration of the luminophore. The lifetime can  Modulation sensing is used when there is a need for a
be measured using impulse or harmonically modulatedeference measurements of the luminescence. When the ra-
excitation® However, a flash lamp or laser pulse is requiredtiometric mixture is used, there is always a spectral overlap
for impulse excitation, especially for measurements of shorbetween the emissions of the luminophores so the signal on
lifetimes (especially in the nanosecond regiotntil re-  the wavelength ratio is always tleariable sum of the two
cently, there were no low-cost laser sources in the blue-violeemissions. When modulation sensing is used, it is possible to
region. This precluded the use of the impulse method in loweompletely suppress the long-lifetime emission, thus achiev-
cost instrumentation. Given the availability of the blue-violeting better discrimination between the emissions. Modulation
laser diod&®* and the emerging frequency doubled bluesensing has been used for detectiopldfand calcium’® and
lasef*®, one can expect increased use of impulse detection ifor drug compliance monitoring/*’> However, the stan-
low-cost devices. dard form of modulation sensing is not suitable for most

A method of choice for lifetime detection in low-cost applications, as it requires complete exclusion of the ambient
devices is frequency domain fluorimeftyt is based on the light. Recently, a modification of the technique using two
detection of the phase shift between the excitation and emiglifferent excitation frequencies was used to design an oxy-
sion (Fig. 12. gen sensor that can tolerate ambient liffitGiven the

Perhaps the most popular in this group are the oxygemnigueness of the technique and the fact that it is generic,
sensors, based on dynamic quenching. Oxygen quenches timore applications can be expected soon.
most known long-lifetime luminophoresr$5 ng quite ef- Polarization-based sensors traditionally rely on the asso-
ficiently. The appearance of the first stable probes in the&iation of macromolecules. When a small molecule labeled
microsecond rand&*'*"allowed the development of oxygen with a fluorescent marker binds to a much bigger ¢ypi-
sensors that are easily excitable with blue LEDs, require relacal example is the antibody—antigen reactjats rotational
tively low excitation frequency50—100 kHz,'® and have correlation time significantly increases. This increases the
extremely stable performance. Currently, there are a largBuorescence anisotropy. Antibody—antigen assays are widely
number of publications on lifetime oxygen sensors, utilizingused in biophysics and clinical chemist/:!®Recently, the
a wide range of stable dyE8-1*with lifetimes up to 1 ms, approach was use to design assays fof 'ClCa", Cd™,
as well as different examples of low-cost readoutNi?>", and Zrf*.17®~178This allowed simple reversible detec-
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? FIG. 13. Optical arrangement for detection of fluorescence anisottofsy.
the light source, PD1, PD2 are the photodetectBris the polarizers. Ex-
citation and emission filters are not shown. Block arrows show the direction
tgo=w1 of the light, thin arrows show the orientation of the polarizers.

FIG. 12. lllustration of the phase shifi between the excitation light and e,vanescent W_avéEW)' The depth qf p'enetratlo[d,p, is de-
luminescence emission. It depends on the excitation frequenapd the  fin€d as 'the distance for the electric field amplitude to fall to
lifetime 7 of the luminophore. 1/e of this value at the surface:

tion in the nano- and picomolar rangeig. 13. A
Fluorescence anisotropy is basically a ratiometric tech- dp:27-rn1[sin2 0—(n1/n2)2]1’2'

nique, as it relies on the ratio of the vertical and horizontal

components of the luminescence. If a sensor consists of dy‘\’vﬁqerenl andn, are the indexes of the guide and the sur-

with polarized and unpolarized emissions, any change in th?ounding medium, and is the angle of propagation in the

intensity of the unpolarized emission will result in change Ofguide. Penetration depths are typically 50—1000 nm for vis-
the total anisotropy. This effect was recently used to creatg, o light (dp<)\).182 This allows one to perform absorption

polarization-based sensors fpid, oxygen, glucose, and for  gnecrometry or to excite luminescence without passing the

(24)

; ; : 9-181
drug compliance monitoring. interrogation light through the sample. The low depth of pen-
etration allows discrimination against the interferences in the
C. Waveguide effects bulk medium.

Surface plasmon resonand&PR occurs when the
waveguide is covered with a thin metal film. If the momen-
Fluorescence or lifetime spectroscopy, in principle,tumkgpof the photons in the film plane matches the momen-
could be performed without the use of light guide. In thetum of the surface plasmons on the opposite surface of the
case when a light guide is employed, additional measuremefiield, the reflection coefficient drastically changes. This oc-
techniques become available: refractomery, evanescegurs at some critical angle of incidenégp, which is depen-
wave, and surface plasmon resonance. dent on the dielectric constants of the waveguidend the
Determination of the refractive index of liquids is based metal ,,,, as well as on the wavelength of the light
on Snell's law. Some parameter related to the angle of re-
fraction at the waveguide-to-liquid interface is measured. 2 . 271 1
The simplest measurement is to measure the intensity of the kSP:Tnls'”QSP:T(e_Z + P
transmitted or reflected light through the waveguide, as the
light that exceeds the critical angle is lost into the liquid Heren, is the refraction coefficient of the support.
phase. The transmittance T is function of the ratio of the
refractive indexes of the waveguidg, and the liquidn, :

/
n

T= f(n—w) . (22) n

However, the refractive index depends strongly on the n Amplitud
temperaturg(10~3 to 1074 /°C), so temperature correction plimce
and stabilization are critical for achieving high sensitivities. -

When the light travels along the waveguide, not all the
energy is confined to the guide. The electric field amplitude

E of the light outside of the waveguide decays exponentially /
with the distance into the rare mediuntFig. 14): X

E=Eqexp(—x/dp), (23
. . . FIG. 14. Distribution of the light energy inside and outside the waveguide.
whereE, is the amplitude at the surface of the guide. Thethe portion of the light that travels outside the guide is referred to an

part of the light that travels outside the guide is called thesvanescent wave.

1. Basic equations

1/2

(29

v
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ing light!%1%4 The fiber versions need focusing lendes.
Fiber optic versions are typically low-cost, using LEPor
LD91%7 for fluorescence excitation, and photodiodes for
emission detection. EW based sensors are capable of detec-
tion of concentrations from nanomot&f to the femtomolar
range!® They have been used for rapid detection of fibrin
degradation product8?® hormoneg?* DNA

hybridization!°82! cocaine in metabolité¥ and leave$®

< 204-206 : 196 et 197
FIG. 15. Optical set ups for evanescent wave sengagSlab based ver-  LOXINS; harmful bacteria(E. coli,™ H. pilori,™" L.
sion; (b) fiber based version. ExF is the excitation filter, EmF is the emissiondonovani®’), polymerase chain reactiofPCR amplifica-
filter, PD is the photodiode anflis the sensing membrane. tion’208 p0|yar0matic hydrocarboﬁg? and Ozoné_lo

SPR sensors measure the changes in the refractive index

SPR is extremely sensitive to changes in the refractivelose to the metal surface. Any change will create a signifi-

index in the medium in contact with the metal film. At con- cant response. Because of very high sensitivity, the sensors
stant\, the SPR angle varies significantly with very small are used to monitor complex formation—dissociation during

ExF

alteration of the index. an affinity reaction, or through changes efof indicator
chromophore$!! The first process is wavelength indepen-
2. Examples dent. SPR sensors are built around Kretschrfigror cylin-

Refractometry sensors may be based on fiber optic ofifica! plrissmz or use miniaturized fiberoptic low-cost
planar configurations. Different geometries have been testefprsions™ (Fig. 16. Recently, a fully integrated low-cost

to increase the sensitivity. For example, the fiber could be>P R detector was shown to be useful in a variety of biologi-
just a straight fiber without cladding® bent fiber (u  Cal environmental, and industrial applicaticn$.SPR al-

shapé® or spirat®), twisted fiberd® etc. The refraction lows characterization of binding reaction in real time without
changes could take place in the surrounding media, or in 0€ling. However, the experimental cogdmo@mpera-
thin film,%®7 covering the waveguide. The device could alsot"®: Plank buffer should be well definedf. Sp§0|all;31tten-
work in reflection modé® lon selective films have been 0N must be paid to reaction surfaté referencing’'’ and
used together with refractometric sen&8r®extending the regeneratiod*® Additionally, mathematical treatment of the

. . 9
possibilities and sensitivity of the technique. Refractometry€Sults is often requirett SPR sensors are?égus_ed for deter-
has also been tried in glucose determination in interstitia/ining the active concentration of n’zlolecu Skinetics re-
fluid 191 However. the variation of the refractive index is @ction rates?*and affinity constant&’ The ability to moni-

very low—from 1.3334 to 1.3337 in the diabetic range, mak-10" the binding of low molecular mass compounds to
ing a practical sensor difficult. immobilized macromolecules is used in HIV studiésand

EW sensors and SPR sensors are used usually for deted™19 binding”** Other applications are direct detection of
tion of affinity reactions. High sensitivity is of great impor- antigen-antibody reactiorté? and DNA hy,b”d'za“‘?rﬁzg
tance for antigen—antibody interactions and DNAThe sensors have been used for hemogl@ﬁﬂmyogloblr?

. 9 e . . .
hybridization’® EW sensors usually rely on the excitation of &"d hepariff® quantification, _in high throughput

. 30 . . 31 . . .
fluorescent markers near the waveguide surface. Their ﬂuos_creenlzngz, virus-cell  docking’™ insulin-like - growth

32 33,234 <; H 35 i
rescence is preferentially back coupled by tunnelfigrhis ~ factors;™ PCR product§,_ _5|maz|ne2, a;}vée" as moni
significantly increases the intensity of the collected fluores!©7iNg recombinant proteins in process metta. _
cence from the surface in comparison with the one from the N conclusion, there is a great diversity of optical de-

solution under test. The design of the sensor could be basedes: A great variety of detection techniques, optical con-
on a slab or fiber lightguidéFig. 15. The slab version usu- figurations, and chemical indicators are being used. Many of

ally requires prisms or grating for the input of the interrogat-them .have bgen_ successfully commercialized. However,
there is a continuing need for the development of accurate

and reliable sensors. The development of new, small, low-

M — s ) . . . . .
M —_—— — == cost devices will continue due to an increasing need for bio-
>——| medical and other measurements. In particular, advances in
= genomics and proteomics will require novel low-cost sensor
2 . .
v i applications.
n
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