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Low-cost optical instrumentation for biomedical measurements
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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 techniques~absorption,
reflectance, luminescence intensity, lifetime, and polarization, evanescent wave and surface plasmon
resonance! that are used with these instruments are described. Numerous examples of devices for a
broad variety of biomedical measurements are presented. ©2000 American Institute of Physics.
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I. INTRODUCTION

Biomedical measurements find their applications in th
broad areas—medicine, biotechnology, and environme
protection. In medicine, there is a need for rapid analysis
blood, serum, and other body fluids; biotechnology relies
measurements for bioprocess control; in environmental p
tection there is a requirement for information about poll
ants.

Currently, the available laboratory medical analyzers
highly effective, but the cost-per-sample is low only in cas
when large numbers of samples are assayed. Furtherm
they usually require special conditions for operation, spec
sample preparation, and trained personnel. These condi
are met easily for the clinical lab in hospitals; however, cli
cal testing is also needed during surgery, in smaller med
centers, in emergency vehicles, as well as in point-of-c
sites. The basic requirements for these measurements a
pidity and high reliability of the results. In biotechnolog
there is a continuous need for on-line measurements of v
ous bioprocess parameters, especially the concentration
substrates, products, different enzymes and inhibitors,
moters, and repressors. However, typical on-line measur
parameters usually includepH, dissolved oxygen, and bio
mass concentration, and most other parameters are mea
off-line, using the aforementioned conventional analyzers
many cases, ready-made analyzers are not available, and
lytes are determined using decades old analytical techniq
Furthermore, sampling often creates other problems suc
the need to maintain sterility, as well as decreasing the wo
ing volume. In environmental monitoring, there are no su
problems; on the other hand, the analytes there are o
quite different from the other two areas—typically pollutan
~oils, pesticides, herbicides! or harmful bacteria.

a!Electronic mail: grao@umbc.edu
4360034-6748/2000/71(12)/4361/14/$17.00
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In their vast majority, biomedical measurements are t
geted to the measurement of concentrations. The most c
mon ~and most important! analytes arepH, dissolved oxy-
gen, CO2, different ions~K1, Na1, Cl2, Ca21, Mg21, etc.!,
urea, and glucose. Depending on the area, additional ana
are of interest: fatty acids, vitamins, lactate, various prote
DNA, and RNA. In biotechnology, there is also a need f
evaluation of cell mass concentration and cell parameters
environmental protection, there is a substantial need for m
surement of chemical oxygen demand~COD! and biological
oxygen demand~BOD!.

The range of the measurement can vary several orde
magnitude~1021–10212 M!. Typically, the concentration o
glucose and the ions responsible for membrane potential
the millimolar range. Concentrations of different vitamin
and minerals vary from micromolar to nanomolar, while co
centrations of different hormones are often picomolar.
direct physical measurement of these concentrations is
possible, a preliminary chemical reaction is often employ
as ‘‘chemical amplification.’’ This reaction produces pro
ucts ~or involves substrates! which are easily quantified.

Ideally, all the reaction chemistry is ‘‘packed’’ in on
entity ~sensor!, which is read out by a specific device~trans-
ducer!. The transducer could employ different physical pri
ciples for the conversion process—electrochemical, heat
duction, mass changes, etc. In this article, we concentrat
devices employing optical transducing techniques.

Optical detection of analytes is one of the oldest a
most established techniques. The newly developed dev
are easy to compare with the existing methods. Optical te
niques are especially desirable because of their inhe
safety—the transducer does not require direct physical c
tact with the sensor. They could be spatially separated~the
use of light guides is optional! and yet still allow reliable
measurements. Another advantage of optical methods is
high efficiency—they can be designed to cover the en
1 © 2000 American Institute of Physics

to AIP copyright, see http://ojps.aip.org/rsio/rsicpyrts.html.
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range of biomedical concentrations, down to single molec
detection.

The cost of instrumentation for measurement in case
concentration measurement is the combined cost of the
sor and the read out device. Recent developments in s
conductor technology and especially in optolectronics ena
very low-cost read out devices, which can detect change
a very small volume. This decreases both the required
ume of chemicals and the sample.

There are several books1–5 and reviews6–11 on different
aspects of optical sensors. Additional information may a
be found in regularly published reviews on chemic
sensors.12–14 The aim of this review is to concentrate o
low-cost optical devices for biomedical measurements,
devices that cost approximately 10 or more times less t
the conventional appliances used for the same type of m
surement. Our intention is to give a picture of current op
electronic technology that allows creation of such devices
describe optical principles and techniques used in this ins
mentation, and to present a few examples.

II. TECHNOLOGY FOR LOW-COST OPTICAL READ-
OUT DEVICES

Any optical device that utilizes spectroscopic techniqu
~with very few exceptions! contains four basic modules: ligh
source, light detector, wavelength selection device~s!, and a
signal processing unit~PU!. The last module can be analo
or digital ~analog-to-digital converter ~ADC!
1microcomputer!. The advances in electronics now allo
the PU to consist of just 1 integrated circuit~IC!. The power
required by the PU is now on the order of 1–2 mW, the pr
is ,$20. However, until recently the same was not the c
for light sources, light detectors, and wavelength-selec
devices. Newly emerged and commercialized technolog
have changed the situation, allowing a dramatic downsca
of the dimensions, power consumption, and price of
modules; furthermore, the technological solutions offer
expanded lifetime and increased reliability of the instrum
tation.

A. Light sources

Until recently, the most widely used light source was
glow lamp. The advantage of a lamp is the broad range c
tinuous emission spectrum—from UV to IR. This makes
possible to use it as an universal source by selecting a
cific wavelength for operation. It also has numerous dra
backs: low power efficiency, low mechanical stabili
~glass!!, and it is slow~for modulation it requires an externa
device: chopper for low frequencies, or Pockels cell for h
frequencies!. Another choice is a laser—typically a bulk
and expensive device, which requires laboratory conditi
for operation and is inefficient in power utilization.

The development of optoelectronics has resulted in
appearance of several economical types of semicondu
light sources—light emitting diodes~LEDs!, laser diodes
~LDs!, as well as diode pumped solid-state lasers~DPSLs!.

Currently available LEDs cover the entire visible, a b
part of IR and part of UV spectrum. The typical LED emi
in a relatively wide band—40 nm full width half-maximum
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~FWHM!. Its optical power is usually in the range 0.1–
mW prior to filtering ~LEDs with lower power outputs are
not practical for measurement applications!. Other advan-
tages are the possibility for direct electronic modulation
very high frequencies (Fcut-off is usually in the range of
1–100 MHz, and reasonable modulation is achievable up
300 MHz, depending on the LED type!, very long life
~100 000 h!, small dimensions, high energy efficiency, an
low cost (;$2!. One drawback is the very long ‘‘red tail’’ of
the spectrum, which still imposes a requirement for filteri
the output light.

Another choice for light sources are semiconductor la
diodes. Like all lasers, they emit in a very narrow spect
band~0.5–3 nm FWHM!. The available optical power is in
the range of 3-5 mW; however, in IR there are much mo
powerful LDs, with available optical power up to 10 W. A
additional advantage with LDs is the fact that there is no
tail in the emission and consequently, no need for light
tering. Their lifetime is also very long—2000–100 000 h, t
dimensions are still very small, and the price is still lo
(;$40!. However, LDs are available mostly in IR and th
red region; the first blue-violet LD only recently appeare
and for the time being there are no LDs emitting in the U
blue, green, or yellow part of the spectrum.

The lack of LDs which emit below 600 nm is partiall
compensated by diode pumped solid-state lasers. They
based on LD pumping of a nonlinear crystal, usua
Nd:YAG, Nd:YLF, Nd:YVO4, or other. The pumping LD
operates in the region of 1040–1060 nm or 1300–1340
By doubling or tripling the LD frequency, UV, blue, an
green laser emissions are generated. A broad variety
wavelengths is available. Diode pumped solid-state las
possess potentially all of the advantages of the normal
however, they require much more power for the generat
of the second or third harmonic. Despite the slow decreas
price, they are significantly more expensive (.$4000!, as
this is usually a complete laser system.

Recently, the need for high stability sources in the U
and blue region has been met by the use of scintillation li
sources. They are based on long-lived radioisotope and s
tillation crystals which convert the radioactive emissi
~typically b particles! into emission in UV15 and blue
light.16,17 The source is extremely stable, with significant
less drift in comparison with the other light sources, and h
a projected life of 20 yr without needing external power.

B. Light detectors

Photodiodes~PD! are the preferred detectors for low
cost devices. They can operate at high light levels with
degradation. Depending on the semiconductor material, t
spectral response varies from 180 to 2600 nm. PDs are
~depending on the internal capacitance, the bandwidth
some cases is up to 1 GHz!, robust, and inexpensive. Th
supply voltage is low~0–30 V!; they can work even in pho
tovoltaic mode~requiring no power!. Their drawbacks are
the relatively high noise and the lack of internal amplific
tion. As their output signal is usually small, they requi
additional amplifier, which also introduces noise. As a res
to AIP copyright, see http://ojps.aip.org/rsio/rsicpyrts.html.
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4363Rev. Sci. Instrum., Vol. 71, No. 12, December 2000 Low cost optical instrumentation
the photodiodes can be used at low light intensities~when
possible! only by limiting of the signal bandwidth and usin
noise-cancellation techniques.

Diode arrays and charge-coupled devices~CCDs! are
also being used in spectroscopy. While allowing simul
neous observation of the whole spectrum, the devices
significantly slower than a single photodiode. For this re
son, they find application mainly in steady-state devices.

An avalanche photodiode~APD! is quite similar to a
normal photodiode; however it operates with significant
ternal bias. Both the avalanche or nonavalanche mod
operation may be exploited. The nonavalanche mode ena
internal amplification of the detected signal~10 to 100 times
or more than a PD!. APDs are fast—they can be used
frequencies up to 10 GHz. They require from 100 to seve
kV for operation, their internal noise is higher than norm
PDs, and they are more expensive than a normal
(;$200!. Nevertheless, the signal-to-noise ratio of the AP
is better as compared to the PDs due to the amplificat
They are becoming increasingly popular because they
tolerate intense illumination, their sensitivity is comparab
with some photomultiplier tube~PMT!, and new dc–dc con
verters allow for use of APDs with standard low-volta
power supplies.

A PMT is the ultimate choice for photo detector in ca
where sensitivity, speed, and minimum noise are the prim
requirement for the system. The internal amplification o
PMT is up to 106 or more. Another advantage is the pos
bility of large receiving surfaces. The noise is significan
less in comparison with the solid-state devices. The dr
backs of the PMT include the need for a high-voltage pow
supply ~600–1200 V! and the possibility of destruction b
overexposure. As the device is typically made of glass, it
low mechanical stability. However, new designs of miniatu
PMTs ~with metal enclosures, built-in power supply, an
some of them include current-to-voltage converters! are
likely to be used more often in low-cost instrumentation.

C. Wavelength-selection devices

There are two common types of wavelength select
devices—filters or monochromators. The filters used in sp
troscopy are usually based on interference. They are use
monitor light at fixed wavelengths. The advancement of th
film deposition technology has made available filters w
FWHM 10 nm, 50 to 75% transmission at the peak wa
length, absorption at the stopband.4, and at a cost below
$20. Additionally, these filters are available mounted direc
on a large-surface PIN photodiode.

Another recent development is linearly variable filters18

They provide the possibility of varying the central wav
length of the bandpass. In the future, this technology co
be competitive with monochromators.

Monochromators are the best wavelength-selection
vice known until now. In a classic monochromator, the
coming light is passed through the entrance slit, goes to
grating where it is diffracted, and after that goes to the e
slit, which selects part of the resulting spectrum. The n
Downloaded 01 Dec 2000  to 130.85.253.105.  Redistribution subject 
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lower the output intensity.

The grating is the most important part of the monoch
mator, as it breaks the light into a spectrum. The class
ruled gratings have high peak efficiency and throughp
However, they produce relatively high levels of stray ligh
Holographic gratings, which are an important developm
in recent years, produce much less stray light and h
higher resolution; as a drawback, the efficiency is usua
less in comparison with a ruled grating. There is a spe
exception from this rule—when the groove spacing to wa
length ratio is near one, the efficiency is virtually the same
for the ruled grating.

In the newly developed monochromators, based on di
array or CCD array, no exit slit is employed. Instead, t
spectrum is directed to a linear array of photodetectors.
size of the single detector determines the spectral resolu
These monochromators are significantly cheaper, posses
moving parts and are very reliable. Additional advantag
are simultaneous access to the whole spectrum and
grated optoelectronic conversion. However, their resolut
is lower in comparison to their stand alone counterparts;
thermore, as they rely on diode arrays, they are mostly u
at high light intensities.

III. TRANSDUCTION TECHNIQUES AND EXAMPLES

Optical sensing involves probing samples with photo
The interaction between light and matter changes the par
eter~s! of the photon flux, thus giving analytical informatio
about the processes in the sample phase.

A. Absorption

1. Basic equations

The intensity of the light I passing through an absorbi
medium is determined by Beer–Lambert’s law:

I 5I 03102e lC. ~1!

Here I 0 is the intensity of the incoming light,e is the
molar absorption coefficient,l is the thickness of the sample
and C is the concentration. The law is generally applicab
~although not followed in all cases, especially when sub
quent, concentration dependent reactions occur!.

Another technique is reflectance measurement. The
flectance format for measurement~the probing light and the
response come from the same direction! is particularly attrac-
tive in case when optical fibers are used. The reflectivity
an absorptive sample in air is given by

R5
~n21!21k2

~n11!21k2
, ~2!

wherek is the extinction of the sample, andn is its refractive
index. As can be seen, the reflected light intensity increa
as the absorption coefficient increases. However, the mi
type reflection proved to be difficult for detection and
generally not used in sensor-based instrumentation. Inst
diffuse reflectance is used. In this case, the sensor con
weakly absorbing sensitive species together with strongly
flective material. The interrogating light is diffusely reflecte
to AIP copyright, see http://ojps.aip.org/rsio/rsicpyrts.html.
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and passed through the analyte-sensitive material. Here
intensity of the reflected light decreases with the increas
the absorption coefficient. One widely used model is tha
Kubelka–Munk19

F~R!5
~12R!2

2R
5

eC

S
, ~3!

whereR is the reflected light,S is the scattering coefficient
andC is the concentration.

All the spectroscopic techniques described so far w
with some type of indicator Ind, where@Ind# is changing
following interaction with the analyte A:

@ Ind#1@A#↔@ Ind– A#, ~4!

@A#5KD

@ Ind#

@ Ind– A#
. ~5!

2. Examples

The first low-cost optical absorption devices that us
sensor chemistry were described 20 years ago.20 They were
based on the direct application of the Beer-Lambert’s l
~Fig. 1! and typically consist of a LED as a light source, P
as a detector, and a sensing membrane with covalently bo
indicator. The membrane is placed inside a flow-through
vette. The device was capable of measuringpH and albumin.
Using the same configuration, sensors were developed
measurement ofpH21–23 CO2,24–28 NH3

29,30 ~both gaseous
and dissolved in water!, glucose, urea, and penicillin,31 dis-
solved oxygen,32,33 various heavy metals,34,35 chlorine,36 etc.
All the examples described utilize visible indicators. N
indicators37,38 were also developed, because of the availa
ity of NIR light sources. The technique utilizes the standa
arrangement of a photometer. However, it is often not p
sible to make reference measurements simultaneously;
ally the measurements are performed on two or m
wavelengths39 in a ratiometric mode. This technique was em
ployed for the detection of metal ion concentrations.40 As
expected, the variety of absorption based low-cost dev
increased after the introduction of LED-bas

FIG. 1. Absorption sandwich type sensor based on flow-through cuvette
is the photodiode,S is the sensing membrane. The block arrow represe
the direction of light.
Downloaded 01 Dec 2000  to 130.85.253.105.  Redistribution subject 
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spectrometers.41 There are commercially available batte
operated pocket LED based photometers42 for water moni-
toring.

The standard absorption arrangement is often incon
nient. On many occasions, it is difficult, if not impossible,
pass the sample through a flow-through compartment.
stead, the sensor needs to be introduced into the sample
der test. This usually requires the use of fiber optics for lig
transmission to and from the sample and imposes the us
specific optical configurations.

One possible solution is to use a reflector at the end
the fiber~Fig. 2!. This ‘‘folded beam’’ configuration39,43,44is
advantageous because the light passes the sensing
twice—this allows the use of 50% thinner membranes,
creasing the response time. The light still passes the solu
under the test, so the device requires sample-specific cal
tion. The resulting signal is measured either using a sin
photodiode, or CCD array for enhanced spectral analysis

Another solution is to fold the light guides45 ~Fig. 3!. In
this case, the light passes the sensitive phase only, while
analyte penetrates the membrane from the side. The
proach is not often in use, as it requires bending of the fib
with a very small radius, which strongly increases the los
in the bent region.

The sensor does not need to consist of solid-phase ch
istry. The efforts needed to develop a new sensor often
not worth the potential benefits, especially when the tar
application is in the field of process control or environmen
measurements. In such cases, it is more advantageous t
well-known wet chemistry, confined inside a permeab
membrane tube~Fig. 4!. The use of selective membrane
allowed for developing effective sensors for ammonia46

NaOH ~Ref. 47!, chlorinated hydrocarbons, and hea

D
s

FIG. 2. Fiber-optic based absorption sensor. The reflector is positione
some distance from the sensing membrane, allowing free access to the
lyzed solution.

FIG. 3. Folded waveguide configuration. The arrows indicate the direc
of the interrogating light.
to AIP copyright, see http://ojps.aip.org/rsio/rsicpyrts.html.
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4365Rev. Sci. Instrum., Vol. 71, No. 12, December 2000 Low cost optical instrumentation
metals.48,49 Such sensors are used both in a beam-thro
and folded beam arrangement. The use of wet chemistry
lowed renewing the solutions without disassembling the s
sor.

The diffuse reflectance-based systems utilize probes
a specific design.~Fig. 5!. Instead of having an external re
flector, the sensor chemistry is packed together with wh
scattering material. The interrogating light from a LED
scattered to pass the regions where the indicator is imm
lized and then backscattered to the detector~semiconductor
photodiode!.50 The arrangement has proven its viability, r
sulting in development of sensors forpH,51,52 dry reagent
strip for K1 in serum,53 chlorine gas,54 hydrogen sulfide,55

and formaldehyde.56 The technique is well adapted for tissu
diagnosis57,58 and noninvasive hemoglobin oxygenatio
determination.59,60

The reflectance technique was also a basis for the
low cost, mass production blood glucose meters.61 They have
been in use for more than 30 years. The meters quantify
ratio of the reflected light from one or two different spo
The measurement requires removing the sample~wiping off

FIG. 4. Sensor based on liquid chemistry. The dissolved indicator is c
tained inside the reaction chamber by a semipermeable membrane.
changed through the inlet–outlet tubes.

FIG. 5. Diffuse reflectance sensor configuration.L is the incoming and
outgoing light~through optical fiber!, I is the bead with immobilized indi-
cator, DR is the diffuse reflective white bead,M is the dialysis membrane
Downloaded 01 Dec 2000  to 130.85.253.105.  Redistribution subject 
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the blood!, which is the source of errors~insufficient blood
removal, scratching the surface, etc.!.62 Although they were
almost replaced by the electrochemical biosensors in
whole blood and serum testing, these devices are used
urine tests,63,64 for determinations in cerebrospinal fluid65

and veterinary care.66

Of course, it is not necessary always to have chemis
packed at the sensor tip. It also possible to use the low-
read-out devices just for detection of the titration end po
There are several examples of low-cost devices
titrations.67,68

Almost all of these examples are capable of worki
with steady-state light sources. However, in real-life me
surements, this approach will require protection of the sen
from ambient light. The standard solution of this proble
~especially when LEDs are used as light sources! is to modu-
late the interrogation light and to detect only the ac com
nent of the signal. As the signal levels are usually quite hi
there is no need to use lock-in techniques. Instead, the L
signal is switched on and off and the difference is measu
asynchronously.39,69 A second, reference LED39,70 is also
used in a similar fashion in order to account for the chan
in the optical path. The resulting signal is calculated from
measured intensitiesI signal, I reference, andI backgroundaccording
to Eq. ~4! ~Ref. 39! as

I output5
I signal2I background

I reference2I background
. ~6!

The sensitivity of the technique can be significantly im
proved when ratiometric indicators are used. In this case,
LEDs are selected with peak emissions close to the co
sponding absorption maxima, and two detectors with co
sponding filters are used for simultaneous detection of
intensities at the signal and the reference wavelengths.71 The
output signal in this case is calculated according to Eq.~5!:

I output5
signalLED1

referenceLED1
3

referenceLED2

signalLED2
. ~7!

Again, it is possible to extend the technique by the use
background correction.

All of the described devices rely on a chemical sen
that exhibits relatively high changes in absorbance. Ho
ever, there are cases when the detection of very low chan
(DA,0.001) is desirable. One specific example is nonin
sive detection of glucose concentration using its absorp
in IR region.72,73The problem is that a small change needs
be detected in a high background environment. One poss
solution74 is to simultaneously use two light sources~one at
peak absorption and the other at reference wavelength! that
are modulated with the same frequency, but shifted at 1
in phase~Fig. 6!. The amplitudes of the sources are adjus
to be equal. This results in a dc signal at the photodetec
Now, if there is a change in the absorption in one of t
wavelengths, an ac signal appears, which is easily dete
and amplified. This technique is capable of detection chan
in absorption of magnitude 1024– 1025 absorbance units.

n-
is
to AIP copyright, see http://ojps.aip.org/rsio/rsicpyrts.html.
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B. Luminescence

Following the absorption of a photon, the excited m
ecules can lose energy through nonradiative relaxation, e
sion of a photon or energy transfer to an acceptor. The
process always occurs; the other two are usually compet
to it. The reemitted photons usually possess less energy
consequently, are shifted toward the red part of the spectr
This difference in the wavelengths is a specific advantag
comparison with absorption spectroscopy—it strongly
creases the level of the shot noise, as only the emissio
observed. Since the noise is proportional to the square ro
the light intensity, very good values of the signal-to-no
ratio can be achieved. This allows measuring extremely
concentrations, down to a single-molecule detection.

1. Basic equations

The luminescence intensityF0 is a fraction of the ab-
sorbed light. For a weakly absorbing sample

F05~2.3!kI0fellC. ~8!

Here f is the quantum yield of the luminophore,el is
the molar absorptivity atlex, l is the optical path length in
the sample,C is the concentration of the luminophore, andk
is a coefficient for instrumental factors. As can be seen, th
are large number of factors influencing the measured in
sity. For this reason, the instruments employing meas
ments of the absolute intensity should be extremely well
signed and calibrated.

Equation~8! describes only the steady state parame
of the luminescence. In the event the excitation light is
impulse function, the luminescenceL decays according to a
exponential law:

L5L0 exp~2t/t!. ~9!

HereL0 is the initial luminescence intensity, andt is the
luminescence lifetime.

In the case where the analyte quenches the luminesc
intensity, some of the aforementioned complications co
be significantly reduced. If the analyte interacts with t
ground state indicator according to Eq.~4!, forming a non-
luminescent product, the process is described asstatic
quenching. The measurement is based on determination

FIG. 6. Light modulation for detector of low absorptions. The intensities
the measuring and the reference wavelengths are modulated at the
frequency, but shifted at 180°. The sum of the ac of the intensities is 0.
the text for details.
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F0 /F(F0 is the intensity of absence of quencher,F is the
intensity in presence of quencher,@Q# is the concentration of
the quencher!

F0

F
511KA@Q#. ~10!

KA is the association constant with the quencher:KA

5@LQ#/@L#@Q#.
In this case, the measurement is based strictly on c

centration changes. There are neither changes in the qua
yield f of the luminophore, nor in its lifetime, i.e.,t0 /t
51.

Dynamic quenchingis defined as the collision process
which the quencher decreases the quantum efficiency~and
the lifetime! of the luminophore. The measurement is bas
on determination ofF0 /F or t0 /t, accounting that

F0

F
511KSV@Q#, ~11!

t0

t
511KSV@Q#. ~12!

KSV is the Stern–Volmer constant. When luminescen
changes due to dynamic quenching, it is preferable to m
sure the lifetime instead of the intensity. The reason for t
is the fact that the lifetime does not depend either on
intensity of the excitation light, or on the concentration of t
indicator.

The above spectroscopic techniques are used when
indicator exists in only one luminescent form. There is als
range of indicators that, upon association with the anal
form another also luminescent form with different charact
istics. There are two distinct, widely used cases.

~1! The absorption~and the excitation! spectra of the
associated and dissociated forms are different, the emis
spectrum is the same. The ratio of the luminescence inte
ties, in this case, depends on excitation light intensitiesI l1

and I l2
, parameters and the concentration of the associa

and dissociated form of the indicator:

R5
I l1

fl1
el1

@ Ind#

I l2
fl2

el2
@ Ind–A#

. ~13!

Recalling that the total amount of the indicator@T# in the
sensor is known and constant, it easy to calculate the c
bration function using Eq.~5!.

~2! The emission spectra of the two forms are differe
In this case, the ratio of the emission intensities~on given
wavelengths! is again a function of the analyte concentratio
with the advantage that the intensity of the excitation lig
does not participate in the calibration function:

R5
fl1

el1
@ Ind#

fl2
el2

[Ind–A]
. ~14!

There are not many known ratiometric indicators. Ho
ever, any intensity measurements can be converted to r
metric measurements if a mixture of two luminophores
used. On the other hand, this creates different types

me
ee
to AIP copyright, see http://ojps.aip.org/rsio/rsicpyrts.html.
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problems—the most common one appears from the diffe
photobleaching rates of the two luminophores.

Another possibility is to measure the average lifetime
the indicator. If it exists in two forms with largely differen
lifetimes, the apparent lifetime, determined by the phase s
of the harmonically excited luminescence (tapp5tanw/v),
is given by

tapp5

a1t1
2

11v2t1
2

1
a2t2

2

11v2t2
2

a1t1

11v2t1
2

1
a2t2

11v2t2
2

. ~15!

Consequently, if the fractional intensitiesa of the lumi-
nescence change, this leads to a change in the apparen
time.

Often, it is not possible to find an appropriate lumine
cent indicator, but there is an absorption-based one. In
case, the effect of the resonance energy transfer~RET! is
employed. This is a transfer of the excited state energy fr
an initially excited donor to an acceptor without the appe
ance of a photon. The rate of the transferkT depends on the
extent of spectral overlap of the emission spectrum of
donor with the absorption spectrum of the acceptor,
quantum yieldQD of the donor, the relative orientationk of
the donor and acceptor dipoles, and the distancer between
the donor and acceptor molecules. The distanceR0 at which
RET is 50% efficient~the donor intensity is decreased to o
half of the intensity in absence of quencher! is called the
Förster distance. The dependence of the rate on the dist
r is given by

kT5
1

tD
S R0

r D 6

, ~16!

wheretD is the decay time of the donor in absence accep
R0 can be calculated from the Fo¨rster equation

R059.783103@k2n24QDJ~l!#1/6, ~17!

wheren is the refractive index of the medium. In solution
k2 is accepted equal to 2/3.

If there is no covalent binding between the donor and
acceptor, the rate of RET strongly depends on the acce
concentration. In the case of the unlinked donor and acc
tor, the impulse function of the quenched intensity is giv
by

I DA( t)5I 0 expF2
t

tD
22g1A t

tD
G . ~18!

Hereg1 is function of the acceptor concentration. Exte
sive mathematical treatment of the RET based sensors
be found in the book by Lakowicz.5 Sensors based on RE
are very useful for custom tailoring of a sensor to spec
analytes. However, when the donor–acceptor pair is imm
bilized inside a matrix, one practical problem is the possib
ity for leakage of the acceptor, thus changing its concen
tion. A useful solution would be to make a covalent lin
between the two molecules.
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Often it is not possible to adjust the proper distance
tween the donor and acceptor. However, if there is spec
overlap, there will be some decrease of the luminesce
intensity due to the inner filter effect~absorption of the lu-
minescence emission along the optical path between the
citation spot and the photodetector!. The relationship be-
tween the luminescence intensity and the analyte is gove
by the Beer–Lambert’s law. This principle is used for inte
sity based sensors.

There are many occasions, when the only available in
cator is intensity based. Mixing it with a luminophore wit
different excitation and/or emission spectrum as mentio
allows one to create a reference for ratiometric sensing.
other possibility is to use so called ‘‘modulation sensing
This situation occurs when two luminophores with subst
tially different lifetimes (t1.1000t2) are present in the sen
sor. If the frequency of the excitation light isv50.1/t2 ,

A5
A1

A11v2t1
2

1
A2

A11v2t2
2

5
A1

A10001
1

A2

A1.01

50.01A11A2'A2 . ~19!

In other words, the intensity of the long-lived lumine
cence is completely demodulated~dc!, while the short-lived
luminescence is 100% modulated. Consequently, the mo
lation ~ac/dc! of the total luminescence is equal to the rat
of the amplitudes of the short- and long-lived luminescen
If one of the luminophores is sensitive to the analyte, and
other is not, the measured ratio is a function of the ana
concentration.

A special case of luminescence measurements is the
tection of the anisotropy. This involves probing the sen
with polarized light and measuring the vertical and horizo
tal components of the luminescence emission. The ani
ropy of the sensor is given by

r 5
I i2I'

I i12I'

. ~20!

Here I i and I' represent the vertical and the horizont
component of the luminescence. The measured anisotror
of the luminescence depends on the fundamental anisot
of the moleculer 0 and the rate of its rotational diffusion.5

The dependence is given by the Perrin equation:

r 0

r
511

t

u
5116Dt. ~21!

Here t is the luminophore lifetime,u is the rotational
correlation lifetime, and D is the rotational diffusion.

There are also a significant number of other lumin
cence effects~i.e., twisted intramolecular charge transfe!
and techniques~time resolved fluorescence assays, freque
domain gated detection, etc.!. They are rarely used in sensin
and almost never used in low-cost instrumentation at
present time.

2. Examples

The typical optical configurations for luminescent me
surements of solutions are shown in Fig. 7. The right an
to AIP copyright, see http://ojps.aip.org/rsio/rsicpyrts.html.
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format is used, when the sample is optically dilute~A,0.1!,
as this diminishes the inner filter effect. Front face geome
is employed for higher optical concentrations or when se
ing membranes are used. Low-cost fluorimeters are comm
cially available for solution measurements.75 Another ex-
ample of direct fluorescence measurements is the ne
developed corneal fluorimeter, which measures the autofl
rescence of the cornea to evaluate the level of diab
retinopathy.76,77

Most of the recently described instruments use chem
sensors. The devices for intensity measurements usually
lize fiber optics for light delivery@Fig. 8~a!#. The excitation
is delivered through one of the shoulders of a Y-type opti
fiber to the reagent phase and the emission is obse
through the other shoulder. It is also possible to use a sin
fiber format@Fig. 8~b!#. Using variations of this setup, sen
sors for pH,78,79 oxygen,80,81 CO2,82,83 NH3,84,85 sulfides86

FIG. 7. Optical configurations for fluorescence measurements.~a! L format;
~b! front face format, often used with sensing membranes. The excita
and emission filters are not shown.

FIG. 8. Frequently used fiber-optic configurations for luminescence m
surements.~a! Y-type fiber;~b! single fiber. ExF is the excitation filter, EmF
is the emission filter, PD is the photodiode, DhM is the dichroic mirror.
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Na1, K1,87,88 Cl2,89 F2,90 NO2,91 Cd21,92 ricin,93

cholesterol,94 glucose,95–98and DNA99 have been developed
There are also examples of sensors for NH3,100 Na1,101 and
K1,102 based on inner filter effects. Some of the RET-bas
sensors are also used as intensity sensors.103,104

The aforementioned examples are just some of the m
recent developments, and the number of sensors for diffe
analytes continues to grow. Multianalyte sensors are also
ing developed.105–107The increased number of analytes th
can be monitored has led to the development of a new c
of sensors~Fig. 9!, based on multifiber bundles.108–111

Optical fibers are not the only used light guide. Anoth
often used carrier is a glass slab or capillary112 ~Fig. 10!.
When used together with an immobilized sensing phase
the surface, it allows for very effective decoupling of th
excitation and emission. Capillaries are used simultaneo
as waveguides, carriers of the sensing chemistry, and sa
containers in different commercially available medical d
vices for blood gas analysis.113

In low-cost applications, when photodiodes are used
detection, the sensitivity of the fluorimeter is limited by th
noise performance of the electronics. This imposes a requ
ment for use of noise cancellation techniques, such as loc
detection114 or a special shaping of the signal with long tim
of integration and an additional cycle for the cancellation
the ambient light.7

Ratiometric measurements are preferable in compar
to intensity based, as they rely on comparison with an in
nal standard—the ratio of two intensities. This eliminat
many of the possible sources of error. Ratiometric sens
have been developed forpH,115–119 Na1,120,121 K1,122,123

n

a-

FIG. 9. Multifiber multisensor array. In the exploded view, a bead w
immobilized indicator attached to the end of the fiber is shown.O is the
microscope objective,L is the light source, DhM is the dichroic mirror
CCD–CCD camera.

FIG. 10. Slab~or capillary! waveguide configuration. The incident angle
the excitation light is greater than the one for total internal reflection,
only a very small amount reaches the detector. The emission is well cou
to the waveguide.
to AIP copyright, see http://ojps.aip.org/rsio/rsicpyrts.html.
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Ca21,124,125Mg21,126 and CO2.127 The most recent develop
ments are the design of ratiometric sensors for Cl2128 and
oxygen.129 Most of them are compatible for use with th
commercially available UV and blue LEDs. This allows th
use of low-cost devices for intensity measurements. Ra
metric measuring devices have been also described.130 In one
of the designs,131 the fluorometer uses blue and green LE
for excitation in a T format~Fig. 11!. The emission intensi-
ties of apH sensitive dye are asynchronously detected
converted in duty ratio of a square wave. The device is a
capable of measuring the luminophore concentration. I
easily adapted for dual excitation or dual emission mode132

Another low-cost design is a laser diode based sensor
field measurements of the F685/F730 chlorophyll fluor
cence ratio.133

A variety of instrumentation is based on lifetime me
surements. Like ratiometric measurements, lifetimes are
insensitive to the variations of the excitation light, optic
path, and concentration of the luminophore. The lifetime c
be measured using impulse or harmonically modula
excitation.5 However, a flash lamp or laser pulse is requir
for impulse excitation, especially for measurements of sh
lifetimes ~especially in the nanosecond region!. Until re-
cently, there were no low-cost laser sources in the blue-vi
region. This precluded the use of the impulse method in lo
cost instrumentation. Given the availability of the blue-vio
laser diode134 and the emerging frequency doubled bl
laser135, one can expect increased use of impulse detectio
low-cost devices.

A method of choice for lifetime detection in low-cos
devices is frequency domain fluorimetry.5 It is based on the
detection of the phase shift between the excitation and e
sion ~Fig. 12!.

Perhaps the most popular in this group are the oxy
sensors, based on dynamic quenching. Oxygen quenche
most known long-lifetime luminophores (t.5 ns! quite ef-
ficiently. The appearance of the first stable probes in
microsecond range136,137allowed the development of oxyge
sensors that are easily excitable with blue LEDs, require r
tively low excitation frequency~50–100 kHz!,138 and have
extremely stable performance. Currently, there are a la
number of publications on lifetime oxygen sensors, utilizi
a wide range of stable dyes139–142with lifetimes up to 1 ms,
as well as different examples of low-cost reado

FIG. 11. Dual excitation configuration for ratiometric measurements Ex1 ,
ExF2 are the excitation filters, EmF is the emission filter, PD is the pho
diode. If at the place of the photodiode a LED is used, and vice versa, th
up becomes dual emission configuration.
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devices.143–145 The sensors have been also successf
commercialized.146

Other often measured quenchers are Cl2147,148and SO2.
149 Their sensing is also based on dynamic quenching. H
ever, the lifetimes of the fluorophores are shorter and
modulation frequencies are higher.

Lifetime detection was also successfully used for m
surement ofpH ~both using long150 and short151 lifetime sen-
sors!, Na1,152 K1,153 Ca21,154 and Mg21.155 The detection
is based on two-state indicators, and the apparent lifetim
used for measurements. RET-based sensors are also
quently used in lifetime detection. Energy transfer sens
were used for measurement ofpH,156 CO2,157 NH3,158 and
glucose.159 Changes in the lifetime due to changes of polar
have been used for measurements of the wa
concentration160 in nonpolar media. Fluorescent lifetime
have also been used for measurements of temperature.161

Measurements of the phase shift are performed us
different techniques. At low frequencies, it is possible
compare the output of simple zero-crossing detectors145

however, the accuracy of such systems is low. Significan
better results are obtained using lock-in techniques162 ~using
solid-state integrated circuits for synchronous detectio!;
however the accuracy of the lifetime determination var
with the lifetime. The best accuracy is achieved using pha
locked detection,163 but the technique was used only for d
tection of very long lifetimes.164 Low-cost devices were no
available for measurements of nanosecond lifetimes; the
of a lock-in amplifier for lifetime measurements at this tim
scale has only recently been reported.165 There is a signifi-
cant commercial interest in the development of lifetime d
vices, as can be concluded from the recent pat
literature.166–169

Modulation sensing is used when there is a need fo
reference measurements of the luminescence. When th
tiometric mixture is used, there is always a spectral over
between the emissions of the luminophores so the signa
the wavelength ratio is always the~variable! sum of the two
emissions. When modulation sensing is used, it is possibl
completely suppress the long-lifetime emission, thus ach
ing better discrimination between the emissions. Modulat
sensing has been used for detection ofpH and calcium170 and
for drug compliance monitoring.171,172 However, the stan-
dard form of modulation sensing is not suitable for mo
applications, as it requires complete exclusion of the amb
light. Recently, a modification of the technique using tw
different excitation frequencies was used to design an o
gen sensor that can tolerate ambient light.173 Given the
uniqueness of the technique and the fact that it is gene
more applications can be expected soon.

Polarization-based sensors traditionally rely on the as
ciation of macromolecules. When a small molecule labe
with a fluorescent marker binds to a much bigger one~typi-
cal example is the antibody–antigen reaction!, its rotational
correlation time significantly increases. This increases
fluorescence anisotropy. Antibody–antigen assays are wi
used in biophysics and clinical chemistry.174,175Recently, the
approach was use to design assays for Cu21, Co21, Cd21,
Ni21, and Zn21.176–178This allowed simple reversible detec

-
et
to AIP copyright, see http://ojps.aip.org/rsio/rsicpyrts.html.
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tion in the nano- and picomolar range~Fig. 13!.
Fluorescence anisotropy is basically a ratiometric te

nique, as it relies on the ratio of the vertical and horizon
components of the luminescence. If a sensor consists of
with polarized and unpolarized emissions, any change in
intensity of the unpolarized emission will result in change
the total anisotropy. This effect was recently used to cre
polarization-based sensors forpH, oxygen, glucose, and fo
drug compliance monitoring.179–181

C. Waveguide effects

1. Basic equations

Fluorescence or lifetime spectroscopy, in princip
could be performed without the use of light guide. In t
case when a light guide is employed, additional measurem
techniques become available: refractomery, evanes
wave, and surface plasmon resonance.

Determination of the refractive index of liquids is bas
on Snell’s law. Some parameter related to the angle of
fraction at the waveguide-to-liquid interface is measur
The simplest measurement is to measure the intensity o
transmitted or reflected light through the waveguide, as
light that exceeds the critical angle is lost into the liqu
phase. The transmittance T is function of the ratio of
refractive indexes of the waveguidenw and the liquidnl :

T5 f S nl

nw
D . ~22!

However, the refractive index depends strongly on
temperature~1023 to 1024 /°C!, so temperature correctio
and stabilization are critical for achieving high sensitivitie

When the light travels along the waveguide, not all t
energy is confined to the guide. The electric field amplitu
E of the light outside of the waveguide decays exponentia
with the distancex into the rare medium~Fig. 14!:

E5E0 exp~2x/dp!, ~23!

whereE0 is the amplitude at the surface of the guide. T
part of the light that travels outside the guide is called

FIG. 12. Illustration of the phase shiftw between the excitation light and
luminescence emission. It depends on the excitation frequencyv and the
lifetime t of the luminophore.
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evanescent wave~EW!. The depth of penetration,dp , is de-
fined as the distance for the electric field amplitude to fall
1/e of this value at the surface:3

dp5
l

2pn1@sin2 u2~n1 /n2!2#1/2
, ~24!

wheren1 and n2 are the indexes of the guide and the su
rounding medium, andu is the angle of propagation in th
guide. Penetration depths are typically 50–1000 nm for v
ible light (dp,l!.182 This allows one to perform absorptio
spectrometry or to excite luminescence without passing
interrogation light through the sample. The low depth of pe
etration allows discrimination against the interferences in
bulk medium.

Surface plasmon resonance~SPR! occurs when the
waveguide is covered with a thin metal film. If the mome
tum kSPof the photons in the film plane matches the mome
tum of the surface plasmons on the opposite surface of
field, the reflection coefficient drastically changes. This o
curs at some critical angle of incidenceuSP, which is depen-
dent on the dielectric constants of the waveguidee2 and the
metalem , as well as on the wavelength of the lightl:

kSP5
2p

l
n1 sinuSP5

2p

l S 1

e2
1

1

em
D 1/2

. ~25!

Heren1 is the refraction coefficient of the support.

FIG. 13. Optical arrangement for detection of fluorescence anisotropy.L is
the light source, PD1, PD2 are the photodetectors,P is the polarizers. Ex-
citation and emission filters are not shown. Block arrows show the direc
of the light, thin arrows show the orientation of the polarizers.

FIG. 14. Distribution of the light energy inside and outside the wavegu
The portion of the light that travels outside the guide is referred to
evanescent wave.
to AIP copyright, see http://ojps.aip.org/rsio/rsicpyrts.html.
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SPR is extremely sensitive to changes in the refrac
index in the medium in contact with the metal film. At co
stantl, the SPR angle varies significantly with very sm
alteration of the index.

2. Examples

Refractometry sensors may be based on fiber optic
planar configurations. Different geometries have been te
to increase the sensitivity. For example, the fiber could
just a straight fiber without cladding,183 bent fiber ~U
shape184 or spiral185!, twisted fibers,186 etc. The refraction
changes could take place in the surrounding media, or
thin film,187 covering the waveguide. The device could al
work in reflection mode.188 Ion selective films have bee
used together with refractometric sensor,189,190extending the
possibilities and sensitivity of the technique. Refractome
has also been tried in glucose determination in interst
fluid.191 However, the variation of the refractive index
very low—from 1.3334 to 1.3337 in the diabetic range, ma
ing a practical sensor difficult.

EW sensors and SPR sensors are used usually for d
tion of affinity reactions. High sensitivity is of great impo
tance for antigen–antibody interactions and DN
hybridization.10 EW sensors usually rely on the excitation
fluorescent markers near the waveguide surface. Their fl
rescence is preferentially back coupled by tunneling.192 This
significantly increases the intensity of the collected fluor
cence from the surface in comparison with the one from
solution under test. The design of the sensor could be ba
on a slab or fiber lightguide~Fig. 15!. The slab version usu
ally requires prisms or grating for the input of the interrog

FIG. 15. Optical set ups for evanescent wave sensing.~a! Slab based ver-
sion;~b! fiber based version. ExF is the excitation filter, EmF is the emiss
filter, PD is the photodiode andS is the sensing membrane.

FIG. 16. Optical setups for SPR sensing.~a! Kretschmann prism based
version;~b! fiber based version.M is the metal layer,L is the laser diode, PD
is the photodiode, BS is the beam splitter,R is the reflector,em is the
dielectric constant of the metal,e2 is the dielectric constant of the wave
guide, andn1 is the refraction index of the prism.
Downloaded 01 Dec 2000  to 130.85.253.105.  Redistribution subject 
e

l

or
ed
e

a

y
l

-

ec-

o-

-
e
ed

-

ing light.193,194 The fiber versions need focusing lenses.195

Fiber optic versions are typically low-cost, using LED195 or
LD196,197 for fluorescence excitation, and photodiodes
emission detection. EW based sensors are capable of d
tion of concentrations from nanomolar198 to the femtomolar
range.199 They have been used for rapid detection of fib
degradation products,200 hormones,194 DNA
hybridization,198,201 cocaine in metabolites202 and leaves,203

toxins,204–206 harmful bacteria~E. coli,196 H. pilori,197 L.
donovani207!, polymerase chain reaction~PCR! amplifica-
tion,208 polyaromatic hydrocarbons,209 and ozone.210

SPR sensors measure the changes in the refractive i
close to the metal surface. Any change will create a sign
cant response. Because of very high sensitivity, the sen
are used to monitor complex formation–dissociation dur
an affinity reaction, or through changes ofe of indicator
chromophores.211 The first process is wavelength indepe
dent. SPR sensors are built around Kretschmann212 or cylin-
drical prism, or use miniaturized fiberoptic low-co
versions213 ~Fig. 16!. Recently, a fully integrated low-cos
SPR detector was shown to be useful in a variety of biolo
cal, environmental, and industrial applications.214 SPR al-
lows characterization of binding reaction in real time witho
labeling. However, the experimental conditions~tempera-
ture, blank buffer! should be well defined.215 Special atten-
tion must be paid to reaction surface,216 referencing,217 and
regeneration.218 Additionally, mathematical treatment of th
results is often required.219 SPR sensors are used for dete
mining the active concentration of molecules,220 kinetics re-
action rates,221 and affinity constants.222 The ability to moni-
tor the binding of low molecular mass compounds
immobilized macromolecules is used in HIV studies223 and
drug binding.224 Other applications are direct detection
antigen-antibody reactions,225 and DNA hybridization.226

The sensors have been used for hemoglobin,227 myoglobin228

and heparin229 quantification, in high throughpu
screening,230 virus-cell docking,231 insulin-like growth
factors,232 PCR products,233,234simazine,235 as well as moni-
toring recombinant proteins in process media.236

In conclusion, there is a great diversity of optical d
vices. A great variety of detection techniques, optical co
figurations, and chemical indicators are being used. Many
them have been successfully commercialized. Howe
there is a continuing need for the development of accu
and reliable sensors. The development of new, small, lo
cost devices will continue due to an increasing need for b
medical and other measurements. In particular, advance
genomics and proteomics will require novel low-cost sen
applications.
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223P.-O. Markgren, M. Ha¨mäläinen, and U. Danielson, Anal. Biochem.265,

340 ~1998!.
224D. L. Boger and K. W. Saionz, Bioorg. Med. Chem. Lett.7, 315 ~1999!.
225M. Malmqwist, Biochem. Soc. Trans.27, 335 ~1999!.
226K. Kukanskis, J. Elkind, J. Melendez, T. Murphy, G. Miller, and H

Garner, Anal. Biochem.274, 7 ~1999!.
227S. Sonezaki, S. Yagi, E. Ogawa, and A. Kondo, J. Immunol.238, 99

~2000!.
228N. F. Starodub, T. L. Dibrova, Yu. M. Shirshov, and K. V. Kostyuk

vych, Wis. Med. J.71, 33 ~1999!.
229K. Gaus and E. A. Hall, Biosens. Bioelectron.13, 1307~1998!.
230R. J. Green, M. C. Davies, C. J. Roberts, and S. J. Tendler, Biomate

20, 385 ~1999!.
231G. Canziani, W. Zhang, D. Cines, A. Rux, S. Willis, G. Cohen, R. Eise

berg, and I. Chaiken, Methods19, 253 ~1999!.
232M. S. Wong, C. C. Fong, and M. Yang, Biochim. Biophys. Acta.1432,

293 ~1999!.
233E. Kai, S. Sawata, K. Ikebukuro, T. Iida, T. Honda, and I. Karube, An

Chem.71, 796 ~1999!.
234P. Nilsson, B. Persson, A. Larsson, M. Uhlen, and P. A. Nygren, J. M

Recognit.10, 7 ~1997!.
235R. D. Harris, B. J. Luff, J. S. Wilkinson, J. Piehler, A. Brecht, G

Gauglitz, and R. A. Abuknesha, Biosens. Bioelectron.14, 377 ~1999!.
236D. M. Disley, P. R. Morrill, K. Sproule, and C. R. Lowe, Biosens. Bio

electron.14, 481 ~1999!.
to AIP copyright, see http://ojps.aip.org/rsio/rsicpyrts.html.


