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ABSTRACT 

 
A multifunctional portable flow analysis instrument was developed.  Using a 50 

cm long Teflon®AF tubing as final reaction and optical measurement conduit,  a liquid 

core waveguide based fluorescence detector that is transversely illuminated by an 

addressable light emitting diode array, is combined with a chemiluminescence detector 

and an absorbance detector with a solid state broadband (400-700 nm) source.  Several 

illustrative experiments have been carried out to test the performance of the instrument in 

different detection modes.   

A new LED emitting in the mid UV region with reasonable power output (0.5 

mW at 100 mA) was fabricated.  Using this LED, a compact gated Terbium dipicolinate 

photoluminescence measurement system capable of detecting 0.4 nM DPA is built.  DPA 

can be used as a selective marker for detecting bacterial spores, notably that of anthrax.  

The basic principle of using a highly fluorescent europium complex as an extrinsic dye 

for the detection of proteinaceous aerosols was also demonstrated using this time-gated 

detector.   

 
An autonomous airborne bacterial spore detection unit was developed.  Airborne 

bacterial spore samples were collected effectively using a dry cyclone sampler.  The 

collected particles were then extracted by dodecylamine solution in a heated extractor.  

The extracted dipicolinic acid was mixed with Terbium (III) solution in a flow injection 

system and then detected by a gated fluorescence detector.  The limit of detection for the 

system was 1 B. subtilis spore per 3 L air for a sampling duration of 2 hours, which is a 



 ix

great improvement compared to other systems reported.  The system was tested at 4 field 

sites in Lubbock, TX.  

A low-cost time-gated detection system using a tuning fork to block the intensive 

excitation pulse and a conventional PMT to collect the luminescence signal was built.  

This exhibited a limit of detection of 0.12 nM DPA for terbium dipicolinate luminescence 

measurements.  This approach also solved the baseline drop and sensitivity decrease 

problem encountered when a gated PMT module was used.   Such a detection system 

would be an ideal choice for many applications using lanthanide enhanced time-gated 

luminescence detection.  
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Chapter I 
 

DEVELOPMENT OF A PORTABLE FLOW INJECTION ANALYZER WITH 
LIQUID-CORE WAVEGUIDE BASED FLUORESCENCE, LUMINESCENCE, AND 

LONG PATH LENGTH ABSORBANCE DETECTOR *
 

1. Introduction 

Field-portable methods of analysis are becoming increasingly important. While 

the possibilities once available to an analytical chemist merely consisted of test kits, 

presently many sophisticated instruments are becoming available for portable use in a 

convenient form.  Solution phase optical methods, notably chemistries that involve 

absorbance and fluorescence measurements constitute by far the largest segment of 

analytical methods in use today.  For the automation of solution phase analytical 

methods, flow-injection analysis was introduced by Ruzicka and Hansen [1] and 

sequential injection analysis techniques were introduced by Ruzicka and Marshall [2].   

Among optical detection methods, fluorescence and chemiluminescence methods 

are known to be particularly sensitive, however, these methods are not as commonly 

applicable as absorption detection, which is by far the most common quantitation method 

in analytical chemistry.  Absorption of light by an analyte or some product generated 

therefrom is governed, as is well known, by Beer’s law.  The limit of detection is 

controlled by the minimum absorbance change that can be detected, which is also a 

function of the measurement noise.  For a given analyte concentration, the measured 

absorbance is maximized by the proper choice of (chromogenic) chemistry and the choice 

of the wavelength.  This is routinely carried out and considered standard practice.  It may 

seem that it is equally obvious to increase the optical pathlength since the measured 

absorbance is linearly related to the path length.  In reality, despite focusing optics, light 

                                                 
* Li, Q.; Morris, K. A.; Dasgupta, P. K.; Raimundo, I. M.;  Temkin, H.  Anal. Chim. Acta 479, 
151-165 (2003) 
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passing through a dense phase such as an aqueous solution diverges rapidly and most of 

the light in practical flow-cells is rapidly lost to the cell walls.  The deterioration of light 

throughput causes a concomitant increase in noise.  Practitioners know that in most cases 

beyond a fairly modest path length of 6-20 mm, the attainable LOD actually deteriorates 

with increasing path length ([3], [4] and references therein).    

The solution to this dilemma has also been known for some time.  This is to make 

the measurement cell behave as an optical fiber or a light guide, such that light undergoes 

total internal reflection at the walls.  In an optical fiber, not only the light-conducting path 

is transparent in the wavelength range of interest, the core region of the fiber has a 

refractive index (RI) greater than that of the cladding material such that light remains 

trapped in the optically denser core.  It is only since the advent of Teflon® AF (AF is an 

acronym for amorphous polymer), a polymer that is largely transparent throughout the 

UV and Visible range and with a RI of 1.29-1.31 such that a water core light guide (the 

RI of water is 1.33) has become possible in recent years.  It is possible to increase the 

sensitivity for absorption detection, up to 2 orders of magnitude, using a light guide cell 

[5-17]  

Further, the unique optical property of Teflon® AF permits a simple and stable 

transversely illuminated fluorescence detector [18-24].  We have also recently shown a 

liquid core waveguide (LCW) chemiluminescence (CL) detector.  A high detection 

sensitivity is attained with inexpensive PMTs, because the LCW can effectively collect 

and transfer much of the CL emission [18,25-26].    

In the present work, we combine a long path length absorption (LPLA) detector, a 

CL detector and a fluorescence detector with a custom miniature peristaltic pump and 

thus provide an inexpensive portable FIA instrument and demonstrate that it is widely 

applicable to a variety of analysis needs permitting high sensitivity.  
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2. Experimental

2.1. Apparatus 

The construction of the LCW based detector is shown in Figure1.  The Teflon® 

AF-2400 tube (i.d. 0.56 mm, o.d. 0.80 mm, 500 mm in length, Biogeneral Inc., San 

Diego, CA) is located in a U shaped curve on a black opaque acrylic sheet and sealed by 

another opaque acrylic sheet to protect the AF tube physically and to avoid ambient light.  

The left end of the Teflon® AF tube butts up against a 1 mm core jacketed acrylic fiber 

optic through the opposing arms of a purpose-machined opaque tee.  The arrangement at 

both tee ends of the Teflon® AF tube is readily configurable by the user.  The precise 

configuration at the right tee and the selection of the detector at the left tee are made 

based on what mode the instrument is used.   

For CL detection, a Teflon tube brings in the reagent flow stream through the 

right tee arm while a small o.d. silica capillary (o.d. 350 µm, i.d. 200 µm) inserted into 

the AF tube (to about 2 cm) and sealed through the long arm of the tee brings in the 

carrier stream (Figure1a).  The AF tube works as both the mixing conduit and the CL 

detection cell [27].  For other reactions, which require longer reaction time, a separate 

mixing conduit can precede the LCW cell.  The light signal is acquired at the instant that 

it is generated (save for the transit time of light) and unlike many other arrangements the 

initial point of confluence is within the field of view of the detector.  Thus even fast CL 

reactions are efficiently monitored.  The acrylic fiber optic is coupled to a compact 

inexpensive (~US $400) miniature PMT with its own built-in HV power supply 

(Hamamatsu H5784).  A dual JFET operational amplifier (Texas Instruments TL082) is 

used both to further amplify/offset the signal and filter the high frequency noise of the 

signal from PMT. The signal is then acquired at 1 Hz by a PCM-DAS16D/12 data 

acquisition card (Measurement Computing Inc., Middleboro, MA) housed in a mini-

notebook personal computer.   



 

 

 

 

 

Capillary

Tee

Fiber Optic

LED Array

Liquid core waveguide

Waste

Carrier
( Sample )

Reagents

PMT or CCD 

Fiber Optic

Broad band LED
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Figure 1. Optical and flow schematic for detection 
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For LPLA detection, the detector used at the left tee is a palm-size CCD 

spectrometer (USB2000, Ocean Optics Inc., Dunedin, FL).  Monitoring the signal at a 

wavelength where the sample does not absorb provides a means of referencing.  At the 

right tee, a white LED (Nichia SPW 500BS) is used as a solid-state broadband light 

source; it has useful output over the 400 – 700 nm range.  If desired, for dedicated single 

wavelength measurements, the LED can be readily changed for any other similarly sized 

(5 mm, T-13/4) emitter device.  Both the CCD spectrometer and the PMT are 

accommodated within the main instrument enclosure. 

For fluorescence detection, the arrangement of the tees is similar with absorption 

detection except that the axial (broadband) LED source is turned off and covered with al-

foil to eliminate light intrusion, or replaced with a light-tight plug.  A homebuilt 12-LED 

array provides excitation light at selectable wavelengths.  The LED array contains 12 

different LEDs with different maximum emission wavelengths ranging from 375 nm to 

620 nm, with half bandwidths lying between 12 and 50 nm.  The emission spectra of the 

12 LEDs are shown in Figure2, as read by a photodiode array spectrometer (CDI-PDA-

512, Control Development Inc., South Bend, IN; there is some intrinsic bias of these 

spectrometers towards longer wavelengths).  A microcontroller (BASIC Stamp II, 

Parallax Inc.; Rocklin, CA) receives commands sent from the host PC through the COM 

port, then interprets the commands and controls a specific LED to turn on or turn off via 

MOSFET logic switches.  All necessary software in this context was written in-house.  In 

dedicated fluorescence detection, only one LED that provides maximum emission light is 

turned on.  However, it is possible to perform a “temporal excitation scan” within the 

wavelength range provided by the LEDs.  This can also be useful in simultaneous multi-

analyte detection but was not presently pursued.  We have ongoing studies to fabricate 

AlN/AlGaInN based UV-emitting LED arrays by molecular beam epitaxy techniques 
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[28].  As these devices reach practically useful emission power, this aspect will deserve 

more attention.  The LED array was put close to the LCW (at a distance <1 mm); the 

nearest LED to the detector fiber was at a distance of 5 cm.  Light from any member of 

the LED array illuminates the LCW transversely, from the radial direction.  Virtually 

none of the excitation light thus incident orthogonal to the axis of the LCW propagates 

axially.  In contrast, if fluorescence or other elastic or inelastic scattering phenomena 

occur, any light generated within the LCW that falls within the acceptance cone of the 

LCW propagates by total internal reflection in both directions and thus the detector sees 

approximately half of this generated light.  This simple arrangement and ready coupling 

to a receiver fiber without additional optics makes for a very rugged and robust 

fluorescence detector with excellent sensitivity and little need for monochromators to 

reject the excitation light from the emitted light.  In applications that do not require 

maximum sensitivity, the CCD spectrometer detector is sufficiently sensitive to serve as 

the emitted light detector and has the added advantage of providing a fluorescence 

spectrum.  For situations where higher sensitivity is required, the detector fiber is coupled 

to the PMT and any residual excitation light is removed from the emitted beam by 

appropriate colored plastic optical filters [29].      
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Figure 2. Spectra for 12 excitation LEDs 
The spectra also show the relative intensity of the LEDs as measured by a photodiode 
array detector.  Numbering the LEDs present in the array as 1-12 in order of increasing 
center wavelength, the intensity is multiplied by a factor of 15 for LED-1, and the 
intensities of LED-2, LED-8 and LED-9 are multiplied by a factor of 20. 
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Pumping was provided by purpose-machined four-channel miniature peristaltic 

pump (5.0×6.0×6.0 cm) driven by a DC gear motor (Jameco Electronics, Belmont, CA, 

P/N 1555838, 20 rpm at 12 V DC).  The rotation speed of the motor can be adjusted by 

changing the applied voltage.  The pump utilized 10 stainless steel rollers with a radial 

spacing of 8 mm.  PVC pumping tubes (Elkay products, Inc. MA, USA) with ID of 0.045 

inch were used in all the experiments.  Samples were injected manually with a six-port 

loop-type rotary injection valve (Upchurch, Oak Harbor, WA).  Except for the Teflon AF 

tube and as otherwise stated, all tubing were PTFE Teflon (o.d. 1.30 mm, i.d. 0.66 mm).  

A 20 cm long restriction tube (220 µm i.d.) was added to the system flow exit to inhibit 

formation of air bubbles in the measurement cell.  Four 50-ml bottles to hold solution and 

waste are integrated in the lid of the instrument.  Instrument power is 12 V DC and 

typically consumes 150 mA (not including the laptop).  A socket is provided for 

connection to external power; an appropriately modified laptop power supply or an 

external auto/marine battery can provide this power.  All necessary parts as described 

above are contained in the black acrylic instrument enclosure (25×20×11 cm, 2.3 Kg), 

except the diffusion scrubber (DS) [30] and ancillary parts needed for gas calibration are 

not included.  The layout of the instrument is shown in Figure 3 and a photograph is 

shown in Figure 4. 
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Figure 3. Layout of the instrument.  C1, C2, and C3: electronic circuit boards for PMT, LED 
array, peristaltic pump, etc.; CCD: CCD spectrometer; COM: male COM port connector to PC; 
PMT: photomultiplier tube; Pump: peristaltic pump; PW: connectors for power supply; LP: liquid 
inlet and outlet connecter panel; F1: fiber optic connector to photomultiplier tube; F2: fiber optic 
connector to CCD spectrometer; F3: fiber optic connector to collect signal from Teflon AF tube, 
connected toF1 or F2; F4: fiber optic connector for connection to broad band LED source for 
measurement of absorbance; S1: PMT signal out connector; S2: CCD detector signal out 
connector; SW: switches for power, pump, PMT and absorption light source.    
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Figure 4.  Photograph of complete instrument. 
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2.2. Methods and reagents
2.2.1. Long Path length Absorption (LPLA) determination of Chromium (VI) with 

diphenylcarbazide 

In aqueous solution, Chromium (VI) oxidizes diphenycarbazide (DPC) to 

diphenylcarbadiazone, the -enol form of which then reacts with the chromium (III) 

formed to yield a red-purple product (λmax 540 nm).  The reaction has been known for a 

long time [31] and is part of standard methods [32].  The method is highly selective for 

Cr (VI) over other metals, and under optimum conditions may provide a detection limit at 

the sub-ng level [33, 34]. 

The flow injection analysis schematic is shown in Figure 5.  The sample loop 

(0.66×600 mm, 200 µl, this loop is used all LPLA experiments and a 240 mm, 80 µl loop 

is used in fluorescence and CL experiments) is longer than typical FIA practice, because 

more solution is needed to fill the long-path cell.  The DPC reagent was made by adding 

7.5 ml 1 w/v% DPC in acetone, 7.5 ml Conc. H3PO4 and 35 ml 0.1 M Na2HPO4 (final pH 

~1) together.  The reagent was pumped at 0.4 ml min-1 and merged with the carrier stream 

(0.4 ml min-1) and mixed in a PTFE mixing conduit (0.66×6000 mm) that provides a 

reaction time of 2.5 min prior to detection.  Chromium (VI) solution was prepared by 

dissolving K2Cr2O7 in water.  The absorbance was detected at 540 nm.  The signal at 

680nm was used as the reference. 
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Figure 5. Flow-injection manifold for the determination of chromium (VI). 
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2.2.2.  LPLA determination of aluminum in water with Pyrocatechol Violet (PCV)

PCV was first introduced by Anton [35] as a chromogenic reagent for the 

determination of aluminum.  The flow-injection manifold is shown in Figure 6.  The PCV 

solution (0.1 mM) and carrier are prepared in a 0.1 M MES (2[N-Morpholino] 

ethanesulfonic Acid, Sigma) buffer solution.  Iron can interfere in this reaction and must 

be masked.  The iron-masking solution is 50 mM ascorbic acid [36].  All the solutions are 

pumped at 0.8 ml min-1.  The absorbance was detected at 585 nm and the reference 

wavelength used was 700 nm.    

 

2.2.3. Determination of H2O2 in gas- and aqueous-phase by fluorometry 

The determination principle and instrument schematic is similar to a method 

already reported in the literature [21].  The chemistry is based on oxidation of 

nonfluorescent thiamine to fluorescent thiochrome with hematin as a catalyst by 

hydrogen peroxide.  Hematin (10 µM) solution is pumped at 0.14 ml min-1 and is merged 

with the carrier (water) stream (0.14 ml min-1).  After a mixing conduit (0.66×500 mm), 

the mixed stream reacts with thiamine solution (100 µM thiamine, 5 mM K2HPO4, 

adjusted to pH 12.0 with 2 M NaOH) in another reaction coil (0.66×3000 mm) and then 

flows through the LCW based fluorescence detector.  A narrow-band (half-width 12 nm) 

InGaN LED (NSHU 590E, Nichia America Corp.) with its emission centered at 375 nm 

in the 12-LED array works as excitation light source (LED-1, Figure2).  A colored plastic 

filter (No. 861, Edmund Scientific, Barrington, NJ) with a transmittance window centered 

near the emission maximum of thiochrome is put in front of the PMT to reject residual 

excitation light.  To determine hydrogen peroxide in gas phase, a diffusion scrubber 

transfers the gas to the liquid phase and the rest of the analytical protocol is the same 

[21].   



 
 

Carrier 

Waste

To LPLA 

0.8 ml/min Sample

0.66×6000 mm 
0.66×500 mm 

PCV 

Masking 

 
 

Figure 6. Flow-injection manifold for determination of aluminum. 
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2.2.4. Determination of H2O2 by luminol chemiluminescence

Chemiluminescence detection capabilities were tested by adapting another 

reported measurement method for hydrogen peroxide that involves the Co (II)-catalyzed 

CL of luminol oxidation by H2O2 [26].  Luminol solution (0.25 mM, pH 10.8 adjusted 

with 2 M NaOH) was pumped at 0.10 ml min-1 and merged with cobalt nitrate solution 

(30 µM) flowing at 0.10 ml min-1 followed by a mixing coil (0.66×500 mm), and then the 

mixed stream reacted with the carrier/sample stream within the lumen of the LCW as the 

CL signal was collected.  Aqueous H2O2 standards were prepared by dilution of 30% 

H2O2 (Fisher) and standardized by titration with secondary standard KMnO4.  Aqueous 

H2O2 standards with concentration < 1 mM level were prepared immediately before use 

to avoid decomposition loss.    

All chemicals used were of analytical reagent grade, and freshly deionized water 

was used throughout all experiments.  Excepted as stated, reagents were obtained from 

Aldrich Chemical and used without further purification.   

 

3. Results and discussion

3.1. Referencing and baseline drift compensation in LPLA measurements

Baseline drifts in LPLA measurements is more common and more significant than 

with conventional small path length cells.  Refractive index effects, that influences 

absolute light throughput, Schlieren effects and minute gas/air bubbles that tenaciously 

adhere to a hydrophobic Teflon® AF surface, are the main reasons for baseline shift, drift, 

and noise.  As will be seen below, these can be well compensated by using a non-

absorbing wavelength for reference.  The numerical aperture (NA) of an optical fiber 

depends on the difference of the squares of the refractive indices of the clad and core 

regions.  In this vein, the light throughput in a liquid-filled AF tube is highly dependent 
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on the refractive index of the liquid in the tube.  The RI of the AF tube functioning as the 

“cladding” region of the optical fiber, of course, remains constant.  The RI of the solution 

in the tube is always higher than the RI of the AF tube.  Accordingly, the numerical 

aperture and the light throughput increase dramatically with increasing RI of the inner 

solution.  In flow analysis, it is rarely possible to insure that the RI of the carrier and the 

injected sample are exactly the same.  Therefore, in absorption measurements, if the 

carrier is water while the sample matrix is an aqueous solution or virtually any other 

liquid (aqueous solutions that contain dissolved solids or any other liquid has a higher 

refractive index than water), the measured absorbance will be lower than its true value 

because there will be an increase in light throughput due to the transient increase in NA.  

As shown in Figure 7, the observed absorbance of methyl orange (MO) solution at 475 

nm decreases more and more as increasing amounts of nonabsorbing sodium chloride is 

added to the injected sample, increasing the RI of the sample.  In this experiment, the 

absorbance was measured in a conventional manner, the LED light source being directly 

referenced on its bottom [4], independent of the measurement cell.  In Figure 8, results of 

the same experiment is shown but the reference signal in this case is the light intensity 

passing through the cell at a wavelength of 650 nm; MO does not absorb at this 

wavelength.  The equivalence of all the peak heights in Figure8 shows the effectiveness 

of this referencing technique. 

The Schlieren effect caused by a different refractive index front associated with 

the sample also causes transient shift/noise.  In this case, even with conventional cells, it 

is well known that such artifacts can be drastically reduced by using a second, 

nonabsorbing wavelength as the reference [37].  The same was observed in the present 

case and is not further discussed.  As may be imagined, small bubbles (even those 

invisible to the eye) that enter the cell or adhere to the cell walls also cause baseline shift 

and noise.  Addition of exit restriction to increase backpressure can minimize the 
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occurrence and the size of the bubbles; however, it cannot be eliminated altogether.  We 

show an example of how dramatically bubble induced disturbances can be minimized in 

Figure 9.  In this experiment, first one and then a consecutive pair of air bubbles were 

deliberately introduced.  The dashed line shows the absorbance signal obtained by 

conventional referencing of the light source; the solid line is the absorbance signal with a 

second wavelength as reference.  The difference is most remarkable. 
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Figure 7. Response with absorbance detection in the conventional manner, light source 
referenced independent of measurement cell. Detection wavelength: 475 nm; analyte: 
methyl orange. (a) Solution in water, (b) solution in 1% (w/v) NaCl, (c) solution in 4% 
(w/v) NaCl.  
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Figure 8.  Results of an identical experiment to that in Figure7 except that the reference 
signal was the light intensity through the cell at a wavelength of 650 nm, at which Methyl 
Orange does not absorb.   
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Figure 9. Influence of a series of air bubbles flowing through the absorbance detector.  
The dashed line is the absorbance signal with referencing in a conventional manner (light 
source referenced independently from cell), while the solid line is the absorbance signal 
with a second wavelength signal passing through the cell as reference.   
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3.2. Optimization of S/N obtained with an inexpensive compact CCD spectrometer 

3.2.1. Integration Time 

Table 1 shows the influence of the integration time on the signal to noise ratio 

when measuring the fluorescence signal of fluorescein with the CCD spectrometer as the 

detector and LED 4 (λmax 459 nm) as excitation light. The S/N increases linearly with 

increase of integration time since the noise is nearly independent of the integration time.  

For absorption measurements, a similar observation is made. 

 

3.2.2. Increasing bandwidth in fluorescence measurements

The wavelength bandwidth for signal measurement is user selectable, from about 

7 to 100 nm.  Table 2 shows the effects of increasing bandwidth for the measurement of 

fluorescence signals centered at 520 nm with different bandwidths.  The data in Table 2 

show that although the S/N increases with the bandwidth at first, it eventually decreases.  

Although the exact situation will depend on the bandwidth of emission observed with a 

specific analyte, the gain in S/N by increasing the measurement bandwidth is limited and 

does not provide a significant S/N advantage.  For absorption measurements, the lack of a 

S/N gain is similar and may be even more apparent. 
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Table 1. Influence of integration time 

Integration time (ms) Signal (n=3) Noise (n=3) S/N 

50 18.8 ± 0.5 0.73 ± 0.01 25.1 

200 61.0 ± 0.9 0.74 ± 0.01 82.1 

400 117.5 ± 1.2 0.75 ± 0.01 157 

800 220.1 ± 2.0 0.81 ± 0.01 270 

2000 643.0 ± 4.1 0.94 ± 0.02 684 

 

Table 2. Influence of bandwidth  

Bandwidth (nm) Signal (n=3) Noise (n=3)  S/N 

6.7 220.1 ± 2.0 0.81 ± 0.01 270 

16.7 219.7 ± 2.0 0.60 ± 0.01 364 

26.7 216.4 ± 2.0 0.49 ± 0.01 441 

36.7 210.4 ± 1.9 0.45 ± 0.01 470 

66.7 171.4 ± 1.9 0.40 ± 0.004 425 

100 133.9 ± 1.8 0.37 ± 0.004 365 
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3.3. Stray light 

Light that propagates through the cell walls is essentially stray light and will be 

collected by the larger diameter larger NA conventional optical fiber placed on the 

detector side.  However, the thin walls of the AF tube (thickness 140 µm), the U-

geometry, and the presence of a higher RI medium on the interior side results in virtually 

no light being conducted through the wall.  For absorption measurements, stray light has 

not therefore been a problem and does not limit adherence to Beer’s law only to low 

absorbance values. 

 

3.4. Analytical performance in LPLA measurements

Solution of several dyes (neutral red (445 nm), brilliant blue (590 nm), and 

malachite green (620 nm) were first tested.  The measured absorbance values were 

51.3±0.2 times higher than the respective values for the same solutions measured on a 

conventional UV-Vis spectrometer (Model 8453A, Agilent), in excellent agreement with 

the physical AF tube length of 50 cm and possible mismatch in exact wavelength 

calibration of the two measurement systems.   

For the Cr(VI) analysis system, typical system output is shown in Figure10 for 0 

to 46.2 µg l-1 Cr (VI).  The observed absorbance signal was linear (r2 = 0.9999) with Cr 

(VI) concentration in the tested range with a slope of 59.5±0.1 mAU per ng Cr (VI).  The 

relative standard deviation at the 46.2 µg l-1 level is 0.4%.  In comparison, the use of a 

conventional 6 mm cell (in a slightly different analytical protocol) led others to a slope of 

0.42 mAU per ng Cr (VI) [38].  The LPLA measurement obviously shows a much better 

response.  Full potential of the technique cannot be realized with the relatively noisy 
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CCD spectrometer used here, which limits the lowest detectable absorbance to about 0.5 

mAU.  

For the determination of aluminum in water with PCV [39] by the LPLA method, 

the absorbance is proportional to the Al concentration in the 0-800 µg l-1 range with a 

linear r2 = 0.9918 (7 concentration points, n ≥ 3 at each point) and a slope of 0.84 mAU 

per µg l-1 Al, the S/N=3 LOD is calculated to be 5 µg l-1.  The relative standard deviation 

at the 400 µg l-1 level is 1.7% (n=5).  For flow injection analysis with a 10 mm flow-

through cell, the response is about 0.35 mAU per µg l-1 Al [39]. A high sensitivity gain 

cannot be obtained in this case because PCV itself has significant absorbance at the 

measurement wavelength of 585 nm.  As a result, the PCV reagent concentration must be 

reduced to less than the optimum (the concentration at which added Al is fully complexed 

[39] to get enough light output after absorption.  The concentration of PCV used in the 

LPLA experiment (0.1 mM) is 100 times lower than the recommended value [39].  

Obviously, the complexation constant between Al(III) and PCV is not large enough to 

permit near quantitative formation of the colored Al chelate.  This decrease of the colored 

Al chelate with decreasing PCV concentration results in a relative decrease of sensitivity.  

However, if the complexation constant were large enough, there would have been no loss 

of sensitivity.  In such a situation, the LPLA method will still have an obvious sensitivity 

advantage.  In general, LPLA methods will provide a good sensitivity gain only in those 

methods where the background absorbance is low.   
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Figure 10. Typical system output for determination of Chromium (VI) 
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3.5. Performance for fluorescence measurements with CCD spectrometer

In applications where the ultimate in sensitivity is not required, the CCD 

spectrometer suffices and allows the collection of the entire fluorescence spectra.  The 

excitation LED that gives the maximum emission must be first chosen.  In much the same 

way a conventional fluorescence spectrometer performs an excitation scan, the elements 

of the LED excitation array are turned on one by one, thus generating a series of 

excitation spectra, the totality of which represents the conventional excitation spectra.  

While a 3-D plot can be generated from these data, since the emission peak remains in 

the same place, the peak intensity at this wavelength can be plotted as a representation of 

the excitation spectra.  As Figure2 shows, the light intensity of individual LEDs in the 

excitation array varies greatly, and unless corrected for, the excitation spectrum thus 

obtained will be different in quantitative details from one generated by a conventional 

fluorescence spectrometer.  Nevertheless, excitation spectra for different analytes as 

obtained in the present instrument can be just as dramatically different as in a 

conventional spectrofluorometer.  Figure11 shows the excitation spectra of fluorescein 

and Rhodamine B as obtained with the present instrument.  In Figure 11A, the emission 

for LED8-LED12 was nearly zero, and wasn’t displayed.  

The detection performance of the CCD spectrometer is exemplified by the LOD 

(S/N=3) of fluorescein being 0.53 nM with an integration time of 2 s and LED 4 (λmax 

459 nm) as excitation light.  For calcein blue, which displays a lower quantum efficiency 

and excited by a lower power emitter (LED 1, λmax 375 nm), the LOD was 31 nM with an 

integration time of 4 s. 



0.00

1000.00

2000.00

3000.00

R
el

at
iv

e 
flu

or
es

ce
nc

e 
in

te
ns

ity

LED1 LED2

LED3

LED4

LED5

LED6
LED7

(A)

 

 

0.00

1000.00

2000.00

3000.00

R
el

at
iv

e 
flu

or
es

ce
nc

e 
in

te
ns

ity

LED1 LED2

LED3

LED4

LED5

LED6

LED7

LED8

LED9
LED10 LED11

LED12

(B)

 
 

 27

Figure11. Excitation “spectra” for (A) fluorescein (emission at 535 nm), (B) Rhodamine 
B (emission at 585 nm). 
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3.6.  Fluorescence detection capabilities with miniature PMT
For the determination of aqueous H2O2, in the tested range of 0 –10 µM, the 

fluorescence intensity is linear with the hydrogen peroxide concentration with r2 of 

0.9983.  The relative standard deviation at the 10 µM analyte level was 0.93%.  The 

S/N=3 LOD was 16 nM.  In contrast, when the CCD spectrometer is used as detector, the 

LOD (S/N=3) is only 51µM with integration time of 2 seconds.  For the determination of 

gaseous H2O2, the typical system output for 0-5 ppbv (10-9 atm) H2O2 is shown in 

Figure12.  The fluorescence signal is proportional to the hydrogen peroxide concentration 

with r2 of 0.9937.  The relative standard deviation at the 5 ppbv level was 0.57%.  The 

S/N=3 LOD was calculated to be 8.0 pptv, actually better than the previously reported 

LOD of 13.5 pptv reported for a dedicated instrument [21].  

 

3.7. Performance for chemiluminescence measurements 

Typical system output for the determination of aqueous H2O2 is shown in Figure 

13.  The peak height of the CL signal is linear with the H2O2 concentration with an r2 of 

0.9991 in the range of 0-500 nM.  The relative standard deviation at the 500 nM level is 

1.4% (n=7).  The S/N=3 LOD is calculated to be 4.0 nM.  With a gas diffusion scrubber 

as used in the determination of H2O2 by the fluorescence method, the observed LOD for 

measuring gaseous H2O2 was found to be 16 pptv, adequate for all ambient atmospheric 

measurement applications.  
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Figure12. Typical system out put for determination of gaseous H2O2 
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Figure 13. Typical system out put for determination of aqueous H2O2
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4. Conclusions 

We have described here a versatile simple, inexpensive and portable flow 

analyzer that is applicable to a variety of different types of measurements, capable of 

high sensitivity and applicable to a wide range of analytes.  The long path length 

absorbance detector can provide 50 times better sensitivity than a conventional 1 cm cell; 

however, this sensitivity gain cannot be realized for high background absorbance 

methods.  The transverse illumination fluorescence detector using a solid-state excitation 

source array provides a simple and novel approach to spectrofluorometric measurements.  

The chemiluminescence detector, in which the LCW works as both mixing coil and light 

collector, provides sensitive and highly reproducible measurements.  Switching from one 

detection mode to another is straightforward and quick.  It is thus an ideal instrument not 

only for developing and checking the performance of new analytical methods in more 

than one detection mode, it is also a practical instrument for doing trace analysis in the 

field.  
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CHAPTER II  

 
APPLICATION OF DEEP UV LEDS TO CHEMICAL AND BIOLOGICAL SENSING*

 

1. Introduction 

1.1. LED as light source for chemical and biological sensing 

Light-emitting diodes (LEDs) have been known to be excellent light sources for 

chemical and biological sensing for three decades, because of their small size, low cost, 

long lifetime, high reliability, and high energy-efficiency.  Ref .1 gives a recent review 

for LED-based detectors.  However, thus far LEDs are not as widely used as 

spectroscopic light sources compared to discharge lamps and lasers.  The relatively low 

power output of LEDs is one reason, though the absolute power output can be increased 

by multiple large area emitters, high current operation with appropriate heat sinking.  

One of the main reasons that limit the spectroscopic application of LEDs is the lack of 

LEDs emitting in the mid-deep UV region, ~340 nm is the lowest peak wavelength LED 

commercially available in 2004 when this research was conducted.2†  However, most 

compounds of interest only absorb and can be excited efficiently below 350 nm, 

especially for bioagents.  Recently, driven by the need of high density data storage, 

white lighting, non-line-of-sight (NLOS) covert tactical communication and other 

potential applications including the need of a compact light source for biological aerosols 

                                                           
* Li, Q.; Dasgupta, P. K.; Temkin, H.; Crawford, M. H.; Fischer, A. J.; Allerman, A. A.; Bogart, 
K. H. A. Proc. SPIE. 5330,174-181 (2004) 
 
† 280 nm LED is now available at 
http://www.jobinyvon.com/usadivisions/Fluorescence/IBH/uv280_led.htm 
SETI  also offers deep UV LEDs with wavelengths ranging from 247 – 365 nm, 
http://www.s-et.com/products2-1.htm 
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detection, there have been significant progress to fabricate LEDs emitting in the deep UV 

region with power output at the miliwatt level.  Peak wavelength as low as 267 nm has 

been reported.3  This chapter describes here the use of an AlGaN LED with peak 

emission at 291 nm as a light source to further explore the applications of LEDs for 

chemical and biological sensing.    

 

1.2. Bacterial spore detection based on Terbium enhanced fluorescence of dipicolinic 
acid

The routine monitoring of bacterial spores is of great interest because some of 

them may cause food poisoning, diseases, and perhaps more importantly can constitute 

deadly agents of biowarfare and bioterrorism.  Among the numerous biowarfare agents, 

B. anthracis, a spore-forming bacterium causing anthrax, is one of the greatest concerns.4  

Especially after the anthrax attack in 2001, the rapid detection of bacteria spores 

including B. anthracis has been a focus area.  Various methods have been developed.5  

The on-line polymerase chain reaction (PCR) system to amplify the detected bioagent is 

one of the most promising approaches.  The U.S. Postal Service (USPS) alone plans to 

spend ~$ US 250 million to install at least 1700 such PCR based biohazard detection 

systems from Northrop Grumman.  The ongoing tests of these detection systems in 14 

USPS sites cost ~ $ US 3.7 million, and the annual operating cost for nationwide 

implementation is projected to be $ US 100 million.6  Effective alternative low cost 

methods are desired.   

There is a universal constitute of bacterial spores: dipicolinic acid (DPA). DPA 

constitutes 5-15% of the total mass of the spores.7  Detection of DPA based on the 

Terbium enhanced fluorescence provides a promising low-cost detection method for 
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bacterial spores.8  DPA can be easily extracted from the spores by treatment with low 

concentrations of surfactants such as deodecylamine.9  The dipicolinate ion rapidly 

chelates various rare earth metals.  In particular, the weak native fluorescence of 

Terbium (Tb) (λex max 275 nm) is enhanced more than 20,000x upon complexation with 

DPA.10  In addition, the already long fluorescence lifetime of Tb(III) is further extended 

upon complexation (Tb(DPA)n
3-2n, n = 1-3 τ = 0.6 – 2.0 ms).11,12  This permits a time-

gated fluorescence detection method, which greatly enhances sensitivity and also 

improves selectivity over common fluorescent compounds that exhibit much shorter 

fluorescence lifetimes in the ns range.   

As shown in Figure 1, in such a gated detection approach, the signals from 

scattered lights and short lived fluorescence from common interferences are excluded.  

Without the gated approach, the weak signal of interested is always buried in the signals 

from scattered lights and short lived fluorescence.  It’s like that when we attempt to see 

stars in daylight, it’s nearly impossible to discriminate between the lights from stars and 

the light from the sun.  Gated detection is like the same observation conducted at night.  

Without the strong background, it’s easy to observe the weak signals.  This points the 

way toward an exceptionally sensitive way of fluorescence detection.  This approach 

has been extensively studied for high sensitive fingerprint detection by E. Roland Menzel 

and his colleagues at Texas Tech University. 13, ,14 15   

In 2002, an “anthrax smoke detector” using such a principle was developed with a 

pulsed xenon source.16  The general strategy of such aerosolized spore detection 

schemes involves continuous aerosol collection into a liquid; compact continuous 

collectors17 easily permit an enrichment factor (EF) greater than 103, slightly larger 
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collectors18 can permit an EF approaching 106.  The liquid used in the collector can 

already contain the Tb3+.  The spore containing suspension then proceeds through an 

extractor, which is heated to permit rapid extraction by microwave or by more compact 

power efficient means19 into a fluorescence detector.  As the principle of the front end of 

such a system has already been amply demonstrated, we merely show here the ability of a 

detector built using this deep UV LED source that can make such a detector far more 

practical. 



 

 

Figure 1. Advantages to use gated detection 
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1.3. Bioaerosols detection using SYPRO® Rose Plus

Bioaerosols are airborne particles containing microorganisms ubiquitous in the 

atmosphere, and may cause diseases, allergies and respirator problems.  Detection of 

bioaerosols even without specific identification of bacteria or viruses in particles would 

be useful.  Currently, laser induced intrinsic fluorescence of biological molecules such 

as tryptophan, tyrosine, phenylalanine, and nicotinamide adenine dinucleotide 

compounds (NADH) is widely used for the general detection of bioaerosols.20, ,21 22  

Since UV laser sources using nonlinear crystals for harmonic conversions are expensive, 

bulky and have relatively low energy output, deep UV LEDs are being considered for 

replacing such laser sources.23  However, even with the successful implementation of 

UV LEDs, such intrinsic fluorescence based detection techniques still have some 

problems.  The intrinsic fluorescence of the target molecules can be quite low because 

they might account for only a very small part of the total weight of the whole biological 

molecule, much less the composite aerosol sample.  For example, if detection of 

tryptophan (Trp) is used as the approach, a protein may possess only a few Trp residues.  

Further, the fluorescence quantum yield of the intrinsic fluorescence of Trp is very low, 

resulting in few fluorescence photons being detected before photobleaching occurs.  

Last, the intrinsic fluoresce is in an area of the UV region (310-370 nm typically) where 

the quantum efficiencies of most photo detectors are poor.  To solve these problems, we 

use an extrinsic dye, SYPRO® Rose Plus, attached to surface residues of proteins to 

provide signals in the visible region where detectors are highly efficient.  SYPRO® Rose 

Plus protein stain reagent is a highly fluorescent complex with Eu3+ and this stain binds 

very strongly to proteins.  Proteins stained with the SYPRO Rose Plus dye have a broad 
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excitation peak at ~350 nm with a half bandwidth of 120 nm (asymmetric peak ranging 

from 260 nm to 380 nm) and a very sharp fluoresce emission at ~609 nm with a half 

bandwidth of 15 nm.24  The relatively long excitation wavelength makes it less critical 

to have a deep UV source.  Commercially available sources available in the near UV 

region will suffice.  Furthermore, the long lived fluorescence from the Europium chelate 

is similar to the Terbium fluoresce described in Sec. 1.2..  This enables low-background, 

sensitive, and selective gated detection.  We demonstrate the basic principle of the 

SYPRO® Rose Plus based gated fluorescence detection for bioaerosol measurements, 

with pulsed UV excitation.     



 

 

Figure 2. Excitation (continuous line) and emission spectra of SYPRO® Rose Plus 
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2. Experimental 

2.1. Materials 

Terbium chloride hexahydrate was purchased from Strem Chemicals 

(Newburyport, MA).  Dipicolinic acid (DPA), bovine serum albumin (BSA), fluorescein, 

and Sodium acetate were obtained from Aldrich Chemical Co. (Milwaukee, WI).  

Acetic acid was purchased from Mallinckrodt (St. Louis, MI).  SYPRO Rose Plus 

protein stain was from Molecular Probes (Eugene, OR).  All chemicals were used 

without further purification.  All Terbium complex solutions were prepared with a 50 

mM acetate buffer at pH 5.5.  The Terbium chloride stock solution (100 µM) was placed 

in an ultrasonic cleaner for 10 min to assure dissolution. 

 

2.2. Spectra

Fluorescence spectra were taken on a Shimadzu (RF-540) spectrofluormeter, the 

transmittance spectra were taken on a UV-Vis spectrophotometer (HP 8453), and the 

electroluminescence of the LED was measured by an Ocean Optics CCD spectrometer 

(USB2000).  A digital oscilloscope (Agilent 54621A) was used to study the 

fluorescence decay.  

 

2.3. LED fabrication

The light-emitting diodes are grown by metal-organic vapor-phase epitaxy on UV 

transparent sapphire substrates.   A sequence of AlN, AlGaN and GaN layers are grown 

on sapphire substrates to form the light emitting diode structure.  As depicted in Figure 
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1, the epitaxial layers include an AlN nucleation layer, a superlattice composed of AlN 

and AlGaN layers, and a silicon-doped n-type Al0.48Ga0.52N layer.  The AlN/AlGaN 

superlattice structure has been reported to mitigate strain in these multilayer structures 

and to reduce threading dislocation densities.25,26  In the present design, ten pairs of 10 

nm thick AlN and 10 nm thick Al0.60Ga0.40N layers comprise the superlattice.  The light-

emitting region of the device includes three sets of 2 nm thick Al0.36Ga0.64N quantum 

wells separated by 5 nm thick Al0.48Ga0.52N barrier layers.  This combination of layer 

thicknesses and Al compositions is designed to enable light emission at 291 nm.  The p-

type region of the diode is composed of Mg-doped AlGaN and GaN layers.   Devices 

are fabricated through a plasma etch step which defines LED mesas of 1000 µm ×1000 

µm in size.  Ti/Al/Mo/Au and Pd/Au metal multilayers are then deposited to contact the 

n-type and p-type layers of the diode, respectively.  The fact that both the sapphire 

substrate and the n-type AlGaN layers in the structure are transparent to the light emitted 

from the quantum well region makes it possible to extract light through the bottom 

(substrate side) of the device.  To enable this geometry, the LED chips are flip chip 

mounted on to silicon or silicon carbide submounts.   



 

 

Figure 3.  Schematic structure of the AlGaN-based 291 nm LED 
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2.4. Gated fluorescence detection system for Terbium based detection

The LED was placed 5 mm from a 10-mm path length standard quartz cuvette 

with a UV bandpass filter (50% pass bandwith 250-385 nm, 88% maximum 

transmittance, as shown in Figure 2) in-between.  The photodetector, an off-the shelf 

gated light detection module ( Hamamatsu H7680-01, gain control voltage set at 2.9V), 

was placed with the PMT window located 5 mm from the cuvette, perpendicular to the 

path of the LED illumination.  The entire assembly was put inside an Al enclosure to 

shut off external light.  The PMT current output was converted to voltage by a current-

to-voltage amplifier (Keithley 427, 1 V/µA, 10-90% rise time10 µs), collected with 

simple switched integrator circuitry (IVC102) through a 5 KΩ resistor.  Though the 

current output from the PMT can be connected to the integrator directly, with the current-

to-voltage amplifier, the fluorescence decay can be observed during the experiment with 

a digital oscilloscope that requires voltage input.  The fluorescence lifetimes of both the 

Terbium and Europium chelates were measured with the oscilloscope.  The output 

signal from the integrator was then filtered by a 1-s time constant RC filter and acquired 

with 16-bit resolution (DAS16/16-AO, Measurement Computing) on a computer.   

 

2.5. Timing sequence for Terbium based detection

The LED was first turned on for 10 µs.  During the LED on period, the 

integrator was reset.  The PMT was gated on 200 µs after the LED turned off, and kept 

on for 4 ms.  There is a transient large switching current when the PMT is gated on/off; 

the integrator sampled the signal from the PMT for 3 ms after 50 µs of turning on the 

PMT. The purpose of gating off the PMT during the LED on period is to avoid the 
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scattered light from saturating the PMT photocathode.  The timing was achieved by a 

timer (NE555) and two multivibrators (74HC123).  TTL outputs from basic timing 

circuit were processed through MOSFET switches (IRFI9630) to provide sufficient 

current to turn on the LED and the PMT gate.  The above sequence repeats at 30 Hz.   

 

2.6. Gated fluorescence detection system for Europium based bioaerosol detection

Because of the after pulse caused by the intense excitation light, some 

modifications are necessary to realize the advantages of a PMT as a gated fluorescence 

detector.  A low cost system using a GaAsP/GaP photodiode (Hamamatsu G1120, 5.6 

mm dia. active area) was built.  The photodiode was connected to the switched 

integrator directly and then sealed in a small aluminum box (5 cm x 2 cm x 2 cm) to 

avoid surrounding electromagnetic noise.  An instrumentation amplifier (INA121) was 

used after the integrator for further amplification.  The signal output was read through a 

voltmeter.  A microcontroller (PIC16F873A) with a 5 MHz crystal provided precise 

timing.  The detector geometry is shown in Figure 4, and the schematic of the circuit is 

shown in Figure 5.   

 

 

 

 

 

 

 



 

Figure 4. Gated Fluorescence detection of protein immobilized on GF filter 

 

 

Figure 5. Schematic for the photodiode based gated fluorescence detection
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2.7. Timing sequence for Europium based detection

The LED was first turned on for 10 µs.  During the LED on-period, the 

integrator was reset, and after the reset was kept enabled for 200 µs, the integrator began 

to sample for 2 ms, and then the integrator remained inactive for 18 ms.    The above 

sequence repeated at ~50 Hz. 

  

2.8. Protein detection using gated fluoresce of SYPRO Rose Plus

A vibrating orifice aerosol generator (model 3450, TSI Inc., St. Paul, MN) was 

used to generate monodisperse bovine serum albumin aerosols.  The aerosol generator 

was operated with a 20-µm-diameter orifice, 60-mL syringe capacity, syringe pump 

speed 4.0x10-4 cm/s (flow rate 0.139 cm3/min), drive frequency 50.5 kHz, primary 

airflow 1.5 L/min, and dilution air flow 45.0 L/min.  Aerosol-free “zero” air was 

generated by a pure air generator (model 737-14, AADCO, Clearwater, FL). The primary 

aerosol generated was diluted and dried with the secondary airflow.  The aerosol then 

passed through a Kr-85 charge neutralizer (model 3054, TSI Inc.) to allow the aerosol to 

attain equilibrium Boltzmann charge.  The aerosol stream was then put through two 

sequential 20-L volume polyethylene chambers for drying to be completed.  The aerosol 

was collected onto a filter (25-mm-diameter glass fiber filter, Whatman type GF/B) held 

in a 25-mm filter holder, which was connected to its own aspiration pump and mass flow 

controller to achieve a sample flow rate of 3 L/min.  A BSA solution with a 

concentration of 0.4 mg/L was used as the feed.  Different aerosol collection periods 

were tested to compare the fluorescence response.  After the collection of the aerosol 
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onto the GF filter, the GF filter was removed from the filter holder and incubated in a 10-

mm-polypropylene dish with 10 mL DI water for 5 minutes.  Then the filter was 

immersed in SYPRO Rose Plus stain for 2 minutes to stain the immobilized BSA with 

the europium complex.  After being washed 6 times for 1 minute in water to remove 

excess dye, the GF filter was then dried on paper filter for 1 min.  Finally, the GF filter 

was put on the gated fluorescence detector described in Sec.2.6. to measure the 

fluorescence intensity.  In the future all of these operations can be carried out in-situ.  

 

3. Results and discussion

3.1. Performance of the LED 

The output power is ~0.5 mW when the LED is driven at 100 mA (forward 

voltage 7.1 V).  When operated continuously at 100 mA, the lifetime of the LED is 

severely compromised.  However, under pulse mode (100 mA, 10 µs width, 30 Hz), the 

output variation of the system over 30 h was <3%.  Ref. 25 gives more details about the 

LED.  

The electroluminescence spectrum of the LED is shown in Figure 6.  Figure 6 

also shows the other spectral details relevant to the present system.  It will be observed 

that the LED emission has a broad tail into the visible, which is removed with the filter to 

reduce the excitation background.  It will also be observed that the overlap of the LED 

emission band with the DPA excitation band is quite poor; this can be dramatically 

improved with further reduction of the LED peak emission wavelength, we are presently 

experimenting with an LED emitting at 275 nm.   
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Figure 6.  Electroluminescence spectra of the UV LED (⎯), transmittance spectra for 
the UV bandpass filter (- - -), Excitation spectra (10 µM TbCl3 + 50 nM DPA in 50 mM 
acetate buffer, pH 5.5) at 545-nm emission wavelength (  ), Emission spectra (10 µM 
TbCl3 + 50 nM DPA in 50 mM sodium acetate buffer, pH 5.5) at 275-nm excitation 
wavelength ( ).    
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3.2. Performance of the gated fluorescence detection system for bioaerosols

Figure 7 shows that the fluorescence response is linear with the collection time.  

The flow rate of BSA solution (400 µg/L) supplied to the aerosol generator was 0.139 

cm3/min, and 3 L/min out of 45 L/min of the generated aerosol stream were collected 

onto the GF filter.  The computed aerosol size is 0.2 µm. If we assume that there was no 

aerosol loss in the aerosol generation and dilution system, then the GF filter collected 

BSA at a rate of 4 ng/minute.  Figure 7 (upper abscissa) also shows that the fluorescence 

signal is linear with the mass of proteins collected on the GF filter in the tested range 

with a slope of 20 mV/ng.  The standard deviation of 5 blank GF filters, treated with the 

same procedure as filters that sampled BSA, was 20 mV; therefore, the 3σ detection limit 

is 3 ng as obtained with a small flash lamp.   
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3.3. Performance of the gated fluorescence detection system for DPA

Figure 8 shows a buffer background (50 mM pH 5.5 acetate) that displays an 

absolute detector background of ~2.8 V (from the afterpulse and dark current effects).  

This increases marginally upon Tb(III) addition and increases thereafter with DPA 

addition (~ 0.12 V/nM DPA).  The relative standard deviation at the 5 nM level was 2.3 

% (n=7) resulting in an estimated S/N=3 LOD of 0.4 nM.  Further, the fluorescence 

intensity was linear with DPA concentration in the tested range of 5 - 400 nM with a 

linear r2 > 0.9992 under the same test conditions.  This performance can be compared 

with the best thus far reported LOD of 2 nM DPA10 obtained with a large benchtop gated 

detection fluorometer with a pulsed Xenon excitation source and very substantially better 

than the portable anthrax detection system with a similar source and a CCD detector13.  

To assess actual aerosolized anthrax concentration detection limits, the following 

considerations are worthwhile.  The spore from another similar bacterium, B. subtilis, 

reportedly contains 0.365 fmol DPA per spore.10  If this is comparable to anthrax, the 

present LOD equates to 1100 spores/mL in the collected suspension, which is better than 

other reported LODs : 4.4 × 105 spores/mL,8 1.2 × 105 spores/mL,27 1 × 104 spores/mL10 

and 1 × 103 spores/mL (from the log-log plot given, one actually computes ~1.6 × 103 

spores/mL) using a 150 W UV-enhanced Xe-arc lamp with continuous detection by an 

intensified CCD detector.9  The illuminated volume is far less than 1 mL, we can 

conservatively estimate that a maximum of 0.5 mL or less is needed for detection and the 

system thus has a detection limit of ~500 spores.  A field-screening detector for 

endospores based on a pulsed Xe lamp source and a CCD detector using gated detection 

claims an LOD of 100,000 spores.28  To put things in context, the background airborne 
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bacterial spore concentration is about 1 spore/L in homes and 0.1 spore/L in offices29 and 

conservative estimates of LD50 for well-aerosolized anthrax spores range from 410030 to 

8000.31  For an average person at a normal activity level, the breathing rate is 15/min 

with an average breath volume of 0.5 L.  With an average breathing rate of 7.5 L/min, it 

translates to an air concentration of 550-1050 spores/L over 1 min; even modest compact 

collectors that collect 5 L/min air into 0.5 mL/min will be able to detect this 

concentration within 0.2 min, and larger more efficient collectors will do this far more 

rapidly.  It is clear that LEDs will be the sources of choice in such applications and we 

hope to report in the near future on LEDs that emit at still lower wavelengths and are thus 

better able to excite Tb-DPA and exploit this in conjunction with smaller avalanche 

photodiode detectors. 
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4. Conclusions

We demonstrated a new LED emitting in the mid UV region with reasonable 

power output (0.5 mW at 100 mA).  Using this LED, we built a compact gated Terbium 

dipicolinate photoluminescence measurement system capable of detecting 0.4 nM DPA, 

which is best reported LOD so far.  We also demonstrated the basic principle of using a 

highly fluorescent europium complex as an extrinsic dye for the detection of 

proteinaceous aerosols.  An LED emitting deeper in the UV region would have 

significant applications for chemical and biological sensing, especially for portable 

fluorescence measurement.   
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CHAPTER III 
 

AIRBORNE BACTERIAL SPORE DETECTION USING GATED TERBIUM 
ENHANCED LUMINESCENCE 

 

1. Introduction 

The rapid detection of airborne bacterial spores is of great interest. Not only can 

bacterial spores cause food poisoning and diseases, they are feared as potential agents of 

biowarfare and bioterrorism.1  Routine monitoring could provide early warnings for such 

attacks.   

Microscopy is the simplest way to determine the nature and identity of airborne 

spores after spores are collected into a liquid or onto a filter.  Another widely used 

method is to observe the colonies found on nutrient agar plates after the spores are 

collected on the plates and cultivated.  However, such approaches are time consuming.  

Flow cytometry has been investigated for the rapid detection of spores2.  Mass 

spectrometric methods, targeting characteristic component chemical species in bacterial 

spores by laser ablation3, laser desorption4, and pyrolysis5 have been explored.  Gas 

chromatography/ ion mobility spectrometry with pyrolysis has also been studied6.   

However, none of these has yet gained acceptance as a standard method for routine 

bacterial spore monitoring.  The on-line polymerase chain reaction (PCR) system to 

amplify the detected bioagent is considered one of the most promising approaches and 

attempts have been made to use this for routine monitoring at important locations such as 

airports and post offices.  However, the cost, not only in initial capital investment but the 

continuing consumption of expensive unstable bioreagents, is very high.  The U.S. Postal 

Service alone planned to spend ~$ 250 million to install ~1700 such PCR based 
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biohazard detection systems from Northrop Grumman.  The annual operating cost for 

nationwide implementation is projected to be at least $ 100 million.7  Bioaerosol 

detection approaches that rely on the intrinsic fluorescence of certain key biological 

molecules (notably NADH and tryptophan) are also promising especially when 

conventional bulky UV lasers are replaced by solid state UV sources. However, the 

question of non-specificity is a nagging one.8   

The first action step upon biological detection of some suspect agent is to issue a 

warning quickly, either in the military or a civilian context.  After the warning is issued 

and protection is taken, specific information about the biological agents can be obtained 

in clinical laboratories using well-established microbiological diagnostic technologies 

within a reasonable time.  Therefore, a fast response device, even without specific 

confirmation information, would be very useful.  All bacterial spores have a common 

constitutent, dipicolinic acid (DPA, 2, 6-pyridinedicarboxylic acid), which constitutes 5-

15% of the total mass of the spores.9  The dipicolinate ion can rapidly chelate trivalent 

lanthanide ions.  In particular DPA forms such a complex with Terbium (Tb) ion, and the 

weak native fluorescence of Terbium can be enhanced more than 20,000 times upon 

complexation with DPA.10  In addition, the already long fluorescence lifetime of Tb (III) 

is further extended upon complexation and formation of (Tb(DPA)n
3-2n, n = 1-3 τ = 0.6 – 

2.0 ms).11,12  This permits a time-gated fluorescence based spore detection system, which 

greatly enhances sensitivity and also improves selectivity over common fluorescent 

compounds that exhibit much shorter fluorescence lifetimes.  In 2002, E. D. Lester and 

her coworkers reported an “anthrax smoke” detector based on gated fluorescence 
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detection of DPA with a CCD detector and a pulsed xenon source.13  The general strategy 

of such anthrax detection schemes involve continuous aerosol collection into a liquid or a 

glass fiber filter in an improved system reported by the same group later.14  The DPA 

contained in the spores reacts with Terbium(III) after it is extracted by microwave 

heating13 or by pyrolysis.   The luminescence of the Terbium chelate is then detected by a 

gated detector.  Though the DPA-based spore detection method is not necessarily specific 

for anthrax, it is specific for bacterial spores and is promising for a modest-cost early 

warning device for autonomous operation with occasional maintenance by a non-

specialist.  For an ideal early warning system, it should be able to monitor the 

background bacterial spore concentration and issues warnings when abnormal excursions 

occur.  One study reports that the background spore concentration is about 1 spore/L in 

homes and 0.1 spore/L in offices.15  However, the best sensitivity reported is 50 spores/L 

for 15 minutes sampling.  The aim of this work was to develop an analytical system 

which has the sensitivity to monitor the background airborne bacterial spore 

concentration in a real environment with a reasonable response time.  We have already 

reported a UV LED based gated fluorescence detector that provides a DPA detection 

limit of at least 0.4 nM for a sample volume of ~0.25 mL (100 fmol DPA).16  The UV 

LED used in that work is a relatively weak light source.  In this study, a flash lamp is 

used to replace the UV LED as the light source; this is expected to provide greater 

sensitivity.   
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2. Experimental  

2.1. Materials  

Terbium chloride hexahydrate (Strem Chemicals, Newburyport, MA) Dipicolinic 

acid (DPA), fluorescein, sodium acetate, 1, 2-benzenedicarboxylic acid, p-amino-benzoic 

acid, p-amino-salicylic acid, 1, 2,4,5-benzenetetracarboxylic acid, dodecylamine ( all 

from Aldrich), acetic acid ( Mallinckrodt ), Bacillus subtilis spores (Gustafson, Plano, 

Texas) were purchased as indicated and were used without further purification.  

Approximately 1 g of spore powder was determined to contain 5.6 ×1010 spores by 

photomicrographic measurements.  All Terbium containing solutions were prepared in a 

50 mM sodium acetate buffer (pH 5.5) matrix, and all other buffered solutions used in 

this work were also 50 mM sodium acetate (pH 5.5).   

 

2.2. Spectra 

Fluorescence spectra were taken on a Shimadzu (RF-540) spectrofluorimeter, the 

transmittance spectra were taken on a UV-Vis spectrometer (HP 8453), and the LED 

emission spectra was measured with a CCD spectrometer (Ocean Optics, USB2000).  A 

digital oscilloscope (Agilent 54621A) was used to study fluorescence decay and signal 

timing adjustments.  

 

2.3. Gated detection system with LCW based flow-through cell 

Small volume, ease of construction and flow-through applicability needs make the 



detection system in this work ideally suitable to the use of a liquid core waveguide (LCW) 

based fluorescence detector which was first reported from this laboratory in 1999.17  We18 

and others have shown the considerable power of this approach since and a recent review 

is available.19  In brief, the advent of new UV-transparent inert polymers, which have 

refractive indices lower than that of water or aqueous solutions, have made possible 

water-core optical fibers.  Instead of launching light axially through such a fiber, if the 

excitation light is incident transversely on the fiber (i.e. from a radial direction), the 

unabsorbed light simply passes out radially through the walls of the fiber.  A detector 

located in the axial direction sees very little stray light.  If there is a fluorogen in the 

excitation light path, however, the fluorescence emission is isotropic and some of this 

emission is within the launch angle of the fiber and proceeds axially.  An axially located 

detector can thus detect the fluorescence with very little influence from the excitation 

light, even without the aid of wavelength-selective filters or monochromators.  The 

simple construction is shown in Figure 1.  

A 90 mm long Teflon® AF tube (BioGeneral, San Diego, CA, i.d. 0.56 mm, o.d. 

0.80 mm) constitutes the LCW flow cell.  An opaque PEEK tubing (i.d. 1.5 mm, o.d. 3.2 

mm, 75 mm long) holds the LCW inside to protect the soft LCW physically and to avoid 

the intrusion of ambient light.  One end of the PEEK tube is affixed to one nut of the inlet 

union, and the other end similarly to one nut of the exit tee fitting using epoxy adhesive. 

Two small holes (1.5 mm) are drilled through the PEEK tubing to provide entrance/exit 

for the excitation light source.  The pair of holes are 4.0 cm from the head of the nut of 

the exit tee fitting.  A flash lamp (110 mJ input energy per flash, LS-1130-2, EG&G 

Optoelectronics) was placed right in front of one hole with a UV bandpass filter (50% 
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pass bandwith 250-385 nm, 88% maximum transmittance, as shown in Figure 2) in-

between.  Large-core (1.5 mm) acrylic optical fiber, which naturally provides filtering of 

any stray UV light, collects the emitted light from the end of the LCW AF and leads it to 

a gated photodetector module (Hamamatsu H7680-01).  The entire assembly was put 

inside an aluminum box to avoid external light.  The PMT current output was connected 

to a current-to-voltage amplifier (Keithley 427, 1 V/µA, 10-90% rise time10 µs), then 

collected with a precision switched integrator transimpedance amplifier (IVC102, Burr 

Brown) through a 10 KΩ resistor.  Though the current output from the PMT can be 

connected to the integrator directly, with the current-to-voltage amplifier, the 

fluorescence decay can be observed during the experiment with a digital oscilloscope; the 

oscilloscope requires voltage input.  During system timing optimization, it is also 

necessary to observe the signal from the PMT for timing adjustments.  The output signal 

from the integrator was then filtered by a 1-s time constant RC filter and acquired with 

16-bit resolution (DAS16/16-AO, Measurement Computing) on a computer.   



 

Figure 1. Diagram of the LCW based flow-through detector 
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Figure 2. Excitation/emission spectra of Tb(DPA) 3
3- and transmittance of the filter 
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2.4. Signal timing 

A microcontroller (PIC16F873A, Microchip Technology Inc. USA) with a crystal 

oscillator (20 MHz) provides a reliable invariant time base.  The outputs of four digital 

output pins of the microcontroller are shown in Figure 3.  The leading edge of the 10 µs 

pulse triggers the flash lamp on.  During this period, the integrator is reset.  The PMT is 

gated on 200 µs after the flash lamp is triggered, and kept on for 4 ms.  There is a 

transient switching current (of significant magnitude) when the PMT is gated on/off.  A 

period of 50 µs after turning on the PMT is allowed for the transient to decay: then the 

integrator starts to collect the signal for 3 ms.  Gating the PMT off during the flash period 

is important to avoid the scattered light from saturating the PMT photocathode.  Even 

when the scattered light is not strong enough to saturate the PMT, it is large enough to 

obscure the weak luminescence signal of interest.  The necessary control inputs for the 

flash lamp and the switched integrator are TTL compatible.  The PMT gate input needs 

50 Ω impedance, so the TTL output from the microcontroller was processed through a 

MOSFET switch (IRFI9630) in series with a 50 Ω resistor to match the impedance 

requirement of the PMT gate.  Because the negative input of the PMT gate must be the 

co-grounded with the other devices, a p-channel type MOSFET switch needs to be used 

to drive the PMT gate.  The above sequence repeats at 40 Hz.  The source code for the 

microcontroller can be found in the appendix section.   
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Figure 3. Signal timing 
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2.5. Online DPA extractor 

Previous studies have shown that DPA in the bacterial spores can be effectively 

extracted with a surfactant such as dodecylamine (DDA) with heat-assisted extraction.20  

The extraction can be completed within 3 minutes and an on-line flow through extractor 

was built.  The major part of the extractor is a reaction coil (0.66 mm i.d. × 6000 mm, 

PTFE tube, Zeus Industrial Products, Raritan, NJ) with a total volume of 2 mL, potted in 

a low-melting bismuth-tin alloy (Cerrobase 5550-1, Canfield Technologies, Sayreville, 

NJ).  A nylon filter (0.45 um, Fisher) is added after the reaction coil to remove bacterial 

spore debris.  A 100 Ω platinum RTD sensor embedded in the alloy block monitors the 

temperature.  Two thin, flexible, siliconized heaters (300 W at 120 V AC, Watlow, St. 

Louis, MO) wrap around the alloy block.  The block is then covered with closed cell 

polyurethane foam sheets for insulation. A miniature temperature controller (CN 1632 

GNR, Omega Engineering., Stamford, CT) is used to control the temperature. 

    

2.6. Aerosol generation 

The bacterial spore containing aerosols were generated by nebulizing dilute 

bacterial spore suspension using a 6-jet Collison nebulizer (BGI, INC. Waltham, MA) 

with particle-free “zero” air (Model 737-14 Pure Air Generator, AADCO, Clearwater, FL) 

flowing at 12 liters per minute, as shown in Figure 4.  The generated aerosol was dried 

in-line, by dilution with “zero” air at a flow rate of 30 standard liters per minute (SLPM) 

as it flows through a 22-L drying column.  The concentration of the generated primary 

aerosol is dependent on the concentration of the bacterial spore suspension and is further 

controlled by the extent of dilution with “zero” air.  Spore suspensions were prepared 

right before usage to prevent germination.   
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Figure 4. Diagram for the spore aerosol generation 
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A vibrating orifice aerosol generator (model 3450, TSI Inc., St. Paul, MN) was 

used to generate monodisperse fluorescein containing aerosols to test the performance of 

different aerosol samplers.  The aerosol generator was operated with a 20-µm-diameter 

orifice, 60-mL syringe capacity, syringe pump speed 4.0x10-4 cm/s (flow rate 0.139 

cm3/min), drive frequency 50.5 kHz, primary airflow 1.5 L/min, and dilution air flow 

45.0 L/min.  Aerosol-free “zero” air was generated by a pure air generator (model 737-14, 

AADCO, Clearwater, FL).  The primary aerosol generated was diluted and dried with the 

secondary airflow.  The aerosol then passed through a Kr-85 charge neutralizer (model 

3054, TSI Inc.) to allow the aerosol to attain equilibrium Boltzmann charge.  The aerosol 

stream was then put through a 20-L volume polyethylene chamber for drying to be 

completed.  

 

2.7. Aerosol samplers

2.7.1. Liquid impinger based sampler

A liquid impinger built from a 60 cm3 syringe (Becton Dickinson & Co. , NJ) is 

shown in the figure 5 above.  The i.d. of the plastic syringe is 25mm.  A plastic pipette tip 

(1 mL, Fisher Scientific) is cut with an opening of 2.5mm to work as the air inlet nozzle.  

A stainless steel tubing (i.d. 7 mm) is connected to the nozzle.  A rubber stopper holds the 

stainless steel tube in the center of the syringe.  Different air flow rates, different 

distances between the nozzle end and the liquid level at the bottom, and different water 

filling procedures were tested.  A solution with 500ppb fluorescein and 0.61 mM NaCl 

was used by the vibrating orifice aerosol generator to generate particles with average 

 70



 71

diameter of 1.2 µm.  Before the sampling started, a known amount of water was filled 

into the bottom of the syringe.  To test the collection efficiency of the sampler, a filter 

(25-mm-diameter glass fiber filter, Whatman) held in a 25-mm filter holder was placed at 

the sampler exit.  The solution from the sampler and the glass fiber filter extract were 

each diluted to 50 mL and then the fluorescence was measured on a fluorescence 

spectrometer (Shimadzu RF-540).  The collection time was 1 hour for all the tests.  

 

2.7.2. Dry cyclone based sampler

A commercially available cyclone (URG400, 3 Lpm cut off at 2.5 µm) is tested as 

a sampler.  The cyclone has a removable cap at the bottom where the particles are 

deposited.  For this work, an acrylic cap was machined to connect a syringe for 

convenient liquid outlet as shown in Figure 6.  To collect the deposited particles into a 

liquid, 2 mL wash solution was injected into the cyclone through the air inlet after 

sampling.  The liquid was then aspirated out by a syringe after the cyclone was swirled 

and shaken.   



 

 

Figure 5. A liquid impinger. RS: rubber stopper, SST: stainless steel tubing, PS: plastic 
syringe, PPT: plastic pipette tip, GF filter: glass fiber filter, MFC: mass flow controller 

 

 

Figure 6. Modification of the URG cyclone 
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2.7.3. Wet cyclone sampler

To collect bacterial spores, wetted wall cyclones with low pressure drop (so that 

large air flow rates and low liquid evaporation rates are possible) are widely used.21,22  

The structure of a typical wetted wall cyclone sampler is similar to a dry cyclone sampler 

except that a water mist is also introduced tangentially near the air inlet as a wash liquid.  

As with the particles in the air, the wash water droplets pass spirally down the cyclone.  

Particles in the air stream with sufficient inertia are centrifugally deposited on the wall of 

the cyclone chamber and along with the water drops are washed to the bottom of the 

cyclone to be retained in the collection bottle.  The wash water helps the collection of 

particles, and cyclone operation is possible with a lower pressure drop across the sampler 

compared to a dry cyclone sampler.  This type of sampler can reach very high sampling 

rate (up to 1000 LPM) using vacuum pumps of modest cost. 

For field instrumentation, power consumption is critical.  As the wet cyclone 

sampler can operate with a low pressure drop,  a centrifugal blower with modest power 

consumption can be used to aspirate the sample air.  We built such a sampler and this is 

shown in Figure 7; this is similar to a commercially available sampler system (SASS2000 

system).23  The sampler has four main parts: a cyclonic cup, small-diameter column, 

water reservoir, and water feedback loop.  A centrifugal blower (Model BD12B3, 12 V, 

10.8 W, maximum air flow rate 700 LPM, Comair Rotron) pulls air into the sampler.  An 

appropriate amount of water is injected into the water reservoir before operation.  When 

the blower is on, a strong vortex action and a rapidly swirling film of water on exposed 

surfaces are created by the inlet air.  The water in the top reservoir flows into the cyclonic 

cup at the bottom through the water feedback tube and turns into a fine spray by the high 

 73



 74

air shear.  Particles are collected because of the intimate gas-liquid phase contact.  The air 

stream then flows from the cup into a column with smaller diameter connected to the 

cup’s upper surface.  As air enters the smaller diameter column, rotational velocity 

increases, enhancing particulate collection through centrifugal action.  Water then flows 

from the column into a larger diameter water reservoir where the air velocity decreases.  

A rotating water trap ring is formed because of the shear force created by the rotating 

airflow and water drops with entrained particles are separated from air.    



 

 

Figure 7.  A wetted wall cyclone sampler using a blower. WR: water reservoir, V: valve 
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2.8. Autonomous airborne bacterial spore collection and detection system

The wet cyclone sampler described in the previous section has liquid loss problem, so the 

simple dry cyclone sampler configuration that is periodically washed in an automated 

manner is used for further study.  A complete airborne bacterial spore collection and 

detection system based on this principle is shown in Figure 8.  The sampler is a dry 

cyclone described in Section 2.7.2.  Wash solution is introduced by modification of the 

air inlet with a capillary (i.d. 275 µm) at the end of each sampling period.  A computer 

equipped with a data acquisition and digital input/output card (DAS16/16-AO, 

Measurement Computing) is programmed for automated operation.  During aerosol 

sampling, the peristaltic pump is turned off by the computer, and the flash lamp is also 

turned off through a relay by the computer.  After the cyclone continuously collects 

sample for a certain period, the peristaltic pump, the flash lamp and the 3-way valve V1 

are turned on.  At this time, the 3-way valve V2 is in the off position, and the 6-port 

injection valve (controlled by a VICI two position actuator module, Valco Instruments 

Co. Inc., Houston, TX) is in the load position.  The pumping rate for the DDA solution is 

1 mL/min.  After 3 minutes, with 3 mL DDA solution having been pumped into the 

cyclone, the 3-way valve V1 is turned off.  The 3-way valve V2 is then turned on, and the 

peristaltic pump begins to draw the collected liquid sample into the online heated DPA 

extractor (previously described in Section 2.5).  The other 3 channels of the peristaltic 

pump use smaller pump tubing and the corresponding flow rates are 0.4 mL/min each.  

The volume of the extractor is 2.0 mL.  After 5 minutes, the extracted solution begins to 

enter the sample loop of the 6-port injection valve.  Another 3 minutes are allowed for the 

injection loop (volume ~0.4 mL) to fill completely, the injection valve is switched to the 
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inject position.  The DPA containing solution is then mixed with TbCl3 solution (20 µM, 

except as stated) solution through a mixing coil (0.66 mm i.d. × 500 mm, PTFE tube, 

Zeus Industrial Products, Raritan, NJ), and the luminescence of the Tb(DPA)n3-2n is 

detected by the gated detector.  The 3-way valve V1 is also turned on and more DDA 

solution is pumped into the system to wash off the remaining particles deposited in the 

cyclone.  The system remains in the wash mode for 8 min.  Then both the 3-way valves 

V1 and V2 are turned off and the injection valve is switched back to the load position.  

The peristaltic pump and the flash lamp are also turned off.  The above steps constitute 

one complete sampling and measurement cycle (normally 2 hours for sampling, 17 

minutes for measuement), and repeats indefinitely.   



 

 

Figure 8. Schematic for the spore collection/detection system 
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2.9. Field airborne spore measurements 

Initial air samples were collected within the Chemistry and Biochemistry building 

at Texas Tech University.  The sampler was placed at a height of 1.5 m above the floor, 

approximately the breathing zone for average adults.  Outdoor samples were also 

collected from within the laboratory, via a window and a poly(tetrafluoroethylene) 

sampling conduit (0.8 × 150 cm).  Samples were also collected from another 3 sites in 

Lubbock: (a) Citibus Plaza (30o 35’18” N, 101o50’44” W) in downtown, a bus terminus 

where buses come and go every ~30 min with readily discernible changes in ambient 

particle concentrations; (b) Science Spectra (33o 31’44” N, 101o52’31” W), located in 

North loop 289, which was in upwind direction of the highway and the traffic during the 

sampling period and (c) Legacy playground baseball field (33o 32’10” N, 101o57’58” W) 

located ~ 1 miles west of West loop 289, on the South side of Brownfield highway, 

downwind of major road construction activities during sampling.  During these sampling 

campaigns, we also measured particle concentrations and the aerosol size distribution by 

a laser-based multichannel (six ranges, 0.1->3.0 µm) optical particle counter (model 

A2212-01-115-1, Met-One, Grant’s Pass, OR).  The counter sampled every 10 minutes 

and the data were averaged to match the sampling period of the bacterial spore sampler.   
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3. Results and discussion 

3.1. Performance of samplers 

3.1.1. Liquid impinger based sampler

The collection time was 1 hour for all the following experiments. The data are 

shown in Table 1 to Table 3.  The collection efficiency of such a collector is not stable 

because the air stream blows the water and the movement of the water is irregular. The 

collection efficiency for fluorescein particles is not very high.  The loss of the prefilled 

liquid was very fast.  For 2 mL prefilled water, the volume was ~0.4 mL after 1 hour 

sampling.  Though the water evaporation could be compensated using a liquid level 

sensor to maintain the liquid at a constant level, the fluctuation of the liquid surface may 

render such compensation difficult.        
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Table 1. Sampling flow rate: 7.5 LPM, nozzle to bottom distance: 12 mm 

Water volume, mL 2  2 2 4 4 4 6 6 6 

Collection efficiency,% 63 45 62 57 66 49 73 69 61 

 

Table 2. Nozzle to bottom distance: 12 mm, prefilled water: 2 mL 

Flow rate, LPM 5 6 7.5 

Collection efficiency, % 9.6 22 57 

 

Table 3. Sampling flow rate: 7.5 LPM, prefilled water volume: 2 mL 

Nozzle distance, mm 10 12 18 

Collection efficiency % 55 57 14 
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3.1.2. Dry cyclone sampler

3.1.2.1. Fluorescein particle collection 

The average diameters for the fluorescein particles generated are 1.2 µm.  The 

collection period was 1 hour.   4.0 mL water was used to wash off the collected particles 

from the cyclone.  The results in Table 4 showed that the cyclone was very effective in 

collecting particles with diameters around 1.2 µm. 

Table 4. Collection efficiency of the dry cyclone sampler 

Flow rate, LPM 15 15 10 10 

Collection efficiency, % 95.4 96.1 93.9 94.2 

 

3.1.2.2. Bacillis subtilis spore collection

81 mg B. Subtilis spore powder was dissolved into 50 mL DI water, and then was 

filled into the bottle of the Collison nebulizer for aerosol generation.  The collection 

period was 1 hour.  Dodecylamine (0.8 mM, 4.0 mL) solution was injected into the 

cyclone through the air inlet to wash off the collected particles from the cyclone.  The 

collected solution was then injected into the heated extractor and heated to 60 oC for 10 

minutes.  The extracted solution was then mixed with Terbium chloride solution (20 µM) 

through the flow injection analysis system as described in Figure 8.  Table 5 shows the 

sampler collects the bacterial spore aerosol effectively.   

Table 5. Collection efficiency for B. Subtilis spores 

Sampling flow rate, LPM 15 15 15 12 12 12 

Collection efficiency, % 99.7 99.9 99.6 99.1 98.2 98.9 
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3.1.3. Wet wall cyclone sampler 

Several samplers with different dimensions were built and tested.   However, it 

was found that the liquid loss from the air outlet was too large (around 0.2 mL/min).  

This liquid loss not only causes low collection efficiency but also increases the 

uncertainty of the amount of particles collected as the liquid loss rate is not stable.  The 

commercial sampler (SASS2000) was also reported to be erratic in its performance due to 

the liquid loss.24  As the aim of this work was to obtain the quantitative data about the 

background bacterial spore concentration, this type of sampler was not further 

investigated.  

 

3.2. DPA extraction 

Newly prepared B. Subtilis spore suspension (4200 spores/mL) was used for all 

the following experiments.  The spore suspension mixed with dodecylamine was injected 

into the heated extractor.  After a certain period, the solution was aspirated out by 

peristaltic pump and mixed with 10 µM terbium solution and then the luminescence was 

measured using the flow through cell through the flow injection system as shown in 

Figure 8.  Figure 9 shows the temperature effect on DPA extraction with dodecylamine 

concentration at 0.8 mM.  At 60 oC, the extraction is nearly complete within 5 minutes.  

Figure 10 shows the effect of dodecylamine concentration on DPA extraction at 60 oC.  

The DPA release rate increases when the concentration of dedecylamine increases.  

However, the increase rate slows down when the dda concentration is greater than 0.4 

mM.   
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Figure 9.  Temperature effect on DPA extraction with Dodecylamine at 0.8 mM 
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Figure 10. Dodecylamine concentration effect on DPA extraction at 60 oC 
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3.3. Performance of the gated detection system 

3.3.1. Calibration of the detector using DPA

The detector was first tested by directly injecting DPA solutions of known 

concentrations through the 6-port injection valve in the flow injection analysis system as 

shown in Figure 8.   The computer was reprogrammed to control the 6-port injection 

valve to inject samples every 4 minutes.  The concentration of the Terbium chloride was 

10 µM.  Typical system output for the determination of aqueous DPA is shown in Figure 

11.  The peak height of the luminescence signal is linear with the DPA concentration with 

an r2 of 0.9994 in the range of 0–5 nM with a slope of 187.5 mV/nM.  The relative 

standard deviation at the 5 nM level is 1.3% (n = 7).  The S/N = 3 LOD is calculated to 

be 0.09 nM.  

 

3.3.2. Calibration of the detector using B. Subtilis spore suspension 

B. Subtilis spore suspensions with know concentrations were mixed with 1.0 mM 

dodecylamine solution with 1:1 volume ratio, and then the mixed solution was connected 

to the inlet of the heated extractor and analyzed through the flow injection analysis 

system as shown in Figure 8.  The computer was reprogrammed to control the 6-port 

injection valve to inject samples every 4 minutes.  An interval of more than 6 minutes 

was used when the spore suspension was changed to another concentration.   The 

extraction temperature was fixed at 60 oC.  The concentration of the Terbium chloride 

was fixed at 10 µM.  The typical system output for the determination of B. Subtilis spore 

suspensions is shown in Figure 12.  In the tested range of 0– 35500 spores/mL, the 

luminescence intensity is linear with the spore concentration with an r2 of 0.9980 with a 
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slope of 60.8 µV/(spore/mL).  The relative standard deviation at the 35500 spores/mL 

level is 1.7% (n = 7).  The S/N = 3 LOD is calculated to be 263 spores/mL.  The lowest 

LOD reported for B. Subtilis spore using the DPA assay is 10,000 spores/mL with a 10-

mm path length standard cuvette on the Perkin-Elmer LS-50 fluorimeter, a large 

benchtop instrument.  Thus, the present system shows a ~40-fold improvement.  

Furthermore, a small volume flow through cell was used in this work, and the total 

illuminated volume is calculated to be around 0.5 µL, therefore, numerically the mass 

detection limit of the system is about a tenth (0.13) of a B. Subtilis spore.  

In the previous section (3.3.1.), the calibration slope for DPA was stated to be 

187.5 mV/nM, while the calibration slope for B. Subtilis spore suspension is 60.8 µV/ 

(spore/mL), therefore, each B. Subtilis spore is calculated to contain 0.324 fmol DPA, this 

is comparable to the figures 0.365 or 0.4325 fmol/spore reported by others.   
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Figure 11. Typical performance of the system for determination of liquid DPA 
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Figure 12. Typical system output for the determination of B. Subtilis spore suspension 
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3.3.3. Determination of laboratory generated airborne B. Subtilis spores

B. Subtilis spore aerosol was generated using the nebulizer described in section 

2.6 using spore suspensions with known concentrations.  The generated aerosol 

concentrations could be estimated from the consumption rate (9.0 mL/hour) of the spore 

suspension and the total air flow rate (42 LPM), neglecting the loss of particles on the 

walls of the aerosol generation chambers.  The aerosol was collected at 15 LPM using the 

dry cyclone sampler for 2 hours.  From Figure 13, we can see that the luminescence 

intensity is linear with the spore concentration with an r2 of 0.998 with a slope of 24.4 

mV/(spores/L).  The S/N = 3 LOD is calculated to be 1 spore per 3 liter air.  The limit of 

detection can be easily improved with high volume samplers with high enrichment 

factors.  For example, a typical commercial bioaerosol sampler can collect aerosols into 

10 mL liquid at 450 LPM.26 

The aerosol concentrations can also be calculated by the calibration slope in 

section 3.3.2, if we assume the spores distribute evenly in the 3 mL collection solution.  

The spore concentrations calculated with the two methods are compared in the table 6.  It 

can be seen that the spore concentrations calculated from the luminescence signals are 

always lower than the spore concentrations generated.  This may be due to the particle 

loss on the walls of the aerosol generator and the sampling tubes, incomplete wash off of 

the spores from the cyclone, or uneven distribution of spores in the heated extractor.  

Aerosol loss of an extent of 20-30% in the aerosol generator/connecting conduits is not 

uncommon. 
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Table 6. Determination of laboratory generated airborne B. Subtilis spores 

Conc. of spore 

suspension, 

spores/mL 

Conc. of aerosol 

generated, 

Spores/L 

Luminescence 

peak height, 

Volts 

Conc. of aerosol 

measured, 

Spores/L 

Ratio of 

measured/

generated 

 3550 12.8 0.374 10.3 0.807 

7100 25.4 0.724 19.8 0.783 

10650 38.0 1.016 27.9 0.732 

14200 50.7 1.432 39.3 0.774 

17750 63.4 1.802 49.4 0.779 

71000 253.6 6.31 172.7 0.681 
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Figure 13. Determination of simulated airborne B. Subtilis spores 
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3.4. Field airborne bacterial spore detection 

Airborne bacterial spore concentrations were measured in the field using the 

automated system described in section 2.8.  The sampling flow rate was 15 LPM.  

Sampling was conducted for >4 hours to calculate the daily average background spore 

concentrations.  The spore concentration was calculated by converting the relative 

luminescence signal into spore counts using the calibration slope obtained in section 3.3.3.  

The particle distribution was also measured using a laser particle counter.   

 
Table 7. Sampling site: TTU Chemistry building (in laboratory).  

Date Spores/L 0.1 µm 0.2 µm 0.3 µm 0.5 µm 1.0 µm 3.0 µm 

11/29/05 51 11881 9913 7801 848 72 39 

11/30/05 26 10684 6094 777 149 28 19 

12/16/05 19 4747 2618 6420 3778 266 12 

12/18/05 33 6688 2880 6052 2752 173 26 

12/19/05 35 4736 687 692 482 45 30 

12/21/05 76 9052 1380 856 505 43 6 
 

Table 8. Sampling site: TTU Chemistry building (outdoor air).  

Date Spores/L 0.1 µm 0.2 µm 0.3 µm 0.5 µm 1.0 µm 3.0 µm 

12/14/05 37 4348 2698 712 278 26 9 

12/15/05 108 10406 1276 433 163 16 2 

12/19/05 8.8 5178 670 269 114 25 10 

12/20/05 722 10453 1652 664 260 21 11 

 

Table 9. Field measurements of 3 sites in Lubbock, TX 

Date Time Site Average, spores/L 

09/02/05 7:30 AM to 6:40 PM Citibus Plaza 45 

09/07/05 8:00 AM to 5:15 PM Science Spectra 76 

09/08/05 8:00 AM to 5:40 PM Legacy Field  58 
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Figure 14 shows the results of continuous monitoring the airborne bacterial spore 

concentration outside of Rm322.  The sampling flow rate is 15 LPM, and each sampling 

lasts for 2 hours.  The black line shows the total particle counts for particles with 

diameter larger than 0.5 µm counted by the laser particle counter.  The green dots 

represent the spore counts per liter air by converting the relative luminescence signal into 

using the calibration slope obtained in section 3.3.2.   From Figure 14, we can see that the 

spore concentration follows the same trend as the total particle counts. 

The results above would indicate at first sight that the background spore 

concentrations were much higher than some early reported values (1 colony forming unit 

(cfu)/L in home, 0.1 cfu/L in office) using cultivation method.  However, it was also 

reported that most airborne bacteria could not be cultivated, 27 , 28  and the viable 

population is likely less than 1% of the total population.  The DPA-based assay cannot of 

course distinguish between viable and nonviable spores/bacteria.  It would therefore be 

reasonable that the DPA based method gave much higher results than the cultivation 

method.  However, the spore counts were even higher than the total particle (diameter > 

0.5 µm) counts, therefore it appears that there are interferences in the DPA-based spore 

assay.  There may be other organic compounds, especially aromatic carboxylic acids, that 

may complex Tb(III) and thus enhance the its luminescence.   
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Figure 14. Continuous monitoring  
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3.5. Interference study 

3.5.1 Effect of compounds with short lived fluorescence 

Theoretically, fluorescent compounds present in the aerosol sample will normally 

display usual short lived fluorescence  - they should have no response on our gated 

detector with delay longer than 150 µs.  However, in practice all real PMTs suffer from 

“afterpulse” or photocathode memory effects, which means that a pulse signal may have 

a long tail, and this residual signal will also be collected by the detector.  It’s found that 

fluorescein with concentration less than 1 µM gives nearly no signal on the detector.   

Only very high concentration fluorescein (>5 µM) can give positive false signal: 5 µM 

fluorescein gives a signal that is the same as 1.7 nM DPA.  

    

3.5.2. Interference from aromatic compounds 

Benzoic acid and its derivatives widely exist in the ambient aerosols with an 

approximate concentration of ~100 ng/m3.29  The excitation/emission spectra for two 

typical aromatic compounds when mixed with Tb(III) are shown in Figure 15.  Their 

excitation/emission spectra are nearly the same as those of DPA; therefore, they would 

cause strong interference.  With the same molar concentration as dipicolinic acid the 

terbium enhanced luminescence of 4 aromatic acids compared to that of DPA is shown 

below:  1, 2-benzenedicarboxylic acid, 0.1%; 1, 2,4,5-benzenetetracarboxylic acid, 16% ; 

p-amino-benzoic acid, 57%, p-amino-salicylic acid, 49%.    

Because the interferences including aromatic polycarboxylics are soluble, while 

the DPA in the bacterial spores do not readily come out in water, the interferences can be 

removed by filtration.  A simple approach as described in the following is developed to 
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find how much the interference affects the results.  After aerosols are collected using the 

dry cyclone sampler, 1.5 mL dodecylamine (0.8 mM) solution is injected into the cyclone 

through the air inlet, shake and swirl the cyclone carefully and then aspirate the solution 

into a Teflon cup.  Use another 1.5 mL dda solution to wash the cyclone again and collect 

the wash solution into the same Teflon cup.  Ethanol (0.2 mL) was then added to the 

wash solution, and the mixture is shaken and swirled to help the solubilization of 

potential interferences.  The solution is aspirated into a 10-mL syringe, and then filtered 

using a Polyvinyledene fluoride (PVDF) membrane filter (Durapore, 0.10 µm pore size, 

diameter 2.5 cm, type VVPP, Millipore) with a demountable filter holder.  The filtrate is 

put into a glass vial and stored capped.  The filter is further washed with 10 mL of 10% 

ethanol followed by 10 mL of deionized water.  The filter is then removed from the filter 

holder, put into a 10-mL glass vial and 3.0 mL DDA solution (0.8 mM) and 0.2 mL are 

added.  A third empty vial is filled with the same solutions for use as reference.  All three 

vials are then put into a 60 oC water bath for 15 min to extract the DPA from bacterial 

spores.  The extracted solutions were then loaded into the 6-port injection valve, mixed 

with 10 µM TbCl3 solution in-line and analyzed using the flow injection system 

described in Figure 8.   Figure 16 shows the results using the procedure above to 

continuously monitor the bacterial spore concentration outside of the Chemistry building.  

It can be seen that the soluble part constitutes a significant potion of the total signal, and 

sometime it represents nearly all the signal.  Just simply using the DPA assay to monitor 

the bacterial spore concentration will thus obviously have very limited value, only when 

the concentration of bacterial spores is much higher than the interferences.  However, a 

modification where the aerosol suspension is put through a filter, washed and the filter 

then backwashed with DDA and sent to a heated extractor will readily allow a more 

realistic early warning system for bacterial spore attacks.  
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Figure 15. Excitation/emission spectra for two typical aromatic compounds when mixed 
with Tb(III). 1, 2,4,5-benzenetetracarboxylic acid (BTCA) 
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Figure 16. Soluble compounds contribute to the signal 
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4. Conclusions 

Airborne bacterial spore samples were collected effectively using a dry cyclone 

sampler.  The collected particles were then extracted by dodecylamine solution in a 

heated extractor at 60 oC.  The extracted dipicolinic acid was mixed with TbCl3 solution 

in a flow injection system and then detected by a gated fluorescence detector using a 

flash lamp as the excitation source, a transversely illuminated Teflon AF liquid core 

waveguide as the flow-through cell, and a gated PMT as photon detector.  The limit of 

detection for the system was 1 B. subtilis spore per 3 L air for a sampling duration of 2 

hours, which is a great improvement compared to other reported systems.  

The maximum and the minimum airborne bacterial spore concentrations 

measured were 722 spores / L and 8.8 spores / L.  The detected spore concentrations had 

the same trend as the total particle numbers counted by a laser particle counter.  As 

previously mentioned, the soluble portion of the collected particles contributed a 

significant portion of the fluorescent signal, most likely caused by aromatic acids that 

also chelate Tb and enhance the Terbium luminescence.  
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CHAPTER IV 

A TIME-GATED DETECTOR FOR MEASURING LANTHANIDE EMISSION 
USING A TUNING FORK SHUTTERING SYSTEM AND A NON-GATED 

PHOTOMULTIPLIER TUBE  
 

1. Introduction 

Many lanthanide ions exhibit unusual spectroscopic properties, especially when 

they are chelated by appropriate organic ligands.  These systems have very large Stokes 

shifts, narrow emission bands, and long-lived luminescence (of the order of hundreds of 

microseconds to milliseconds), which permit a modest cost, highly sensitive time-gated 

detection approach.  The luminescence of the aqueous solutions of lanthanide ions is 

weak due to the low absorption cross section of the ions.  The O-H vibrations of 

coordinated water molecules also deactivate the emissive state of the lanthanide ions.  

When the excited triplet state of a coordinating ligand overlaps that of a lanthanide 

excited electronic level, an intramolecular energy transfer process can occur through the 

excited triplet state of the ligand to the emitting level of the lanthanide ions.  The 

lanthanide luminescence is then greatly enhanced by the large molecular absorption 

cross-section of the ligand.1, ,2 3  This lanthanide sensitized luminescence permits the 

selective and sensitive determination of either the lanthanide ion or the ligand, avoiding 

the drawbacks of the other phosphorimetric alternatives and have led to numerous 

applications in various fields,4-8 especially in the field of optical imaging based medical 

diagnostic.9,10

Luminescence spectrometers are widely used in these studies, however, the use of 

monochromators reduces the optical throughput and reduces the advantages that 
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otherwise accrue from the unusual spectral characteristics of the lanthanide systems.  As 

the systems have large Stokes shifts, high-throughput optical filters could easily 

discriminate between the optimum excitation and emission wavelengths.  We have 

developed an UV light emitting diode (LED) based gated detector11 and a similar gated 

detector was described in the previous chapter using a triggered flash lamp as light source.  

Both of these detectors show better performance in terms of sensitivity, than large 

commercial benchtop spectrometers.  The use of optical filters instead of 

monochromators in these systems increases the optical throughput.  However, one of the 

common problems in gated-on photodetection systems remains: this is “afterpulse” effect, 

also referred to as effects stemming from the memory of the photocathode after it has 

been exposed to a strong light pulse, even though the tube was not gated on.  The 

afterpulse leads to a exponentially decaying weak signal that can last milliseconds after 

the photomultiplier tube (PMT) is exposed to an intense short optical pulse, even though 

it was gated off during the excitation period.   Afterpulse effects can be caused by many 

sources, such as UV-induced phosphorescence, microdischarge events produced during 

the high-gain operation, electron-induced positive ions hitting the photocathode or the 

dynodes, etc.12,13  In our previous detection system, the afterpulse signal was already 

quite strong even when the PMT was operated at modest gain, therefore the full 

advantage of the high gain of this expensive high-gain PMT could not be fully realized.  

In the present work, a tuning fork, acting as a physical shutter, is used to block the 

excitation pulse from entering the PMT.  With this approach, we show that an 

inexpensive conventional photosensor module, operated without gating, offers 

comparable performance. 
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2. Experimental 

2.1. Materials  

Terbium chloride hexahydrate (Strem Chemicals, Newburyport, MA), dipicolinic 

acid (DPA), sodium acetate, fluorescein (all from Aldrich), acetic acid (Mallinckrodt) 

were purchased as indicated and were used without further purification.  All Terbium 

containing solutions were prepared in a 50 mM sodium acetate buffer (pH 5.5) matrix, 

and all the buffer solutions used in this work were 50 mM sodium acetate buffer (pH 5.5).   

 

2.2.Spectra 

Fluorescence spectra were taken on a Shimadzu (RF-540) spectrofluorimeter, the 

transmittance spectra were taken on a UV-Vis spectrometer (HP 8453), and the LED 

emission spectra was measured with a CCD spectrometer (Ocean Optics, USB2000).  A 

digital oscilloscope (Agilent 54621A) was used to study fluorescence decay, afterpulse 

and make adjustments for signal timing.  

 

2.3. Gated detector 

The schematic of the time-gated detection system is shown in Figure 1.  The flash 

lamp (110 mJ input energy per flash, LS-1130-2, PerkinElmer Optoelectronics) was 

placed right in front of one of the windows of a cuvette holder (to hold a 10-mm path 

length standard quartz cuvette).  An UV bandpass filter (50% pass bandwith 250-385 nm, 

88% maximum transmittance, as shown in Figure 2) is placed in-between to allow only 

UV light to pass through.  The low-cost photosensor module (Hamamatsu, H5784) was 
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placed with the PMT window located 8 mm from the cuvette holder, perpendicular to the 

path of the flash lamp illumination.  A tuning fork chopper (CH-10 resonant optical 

modulator, Boston Electronics, MA) was installed in the middle of the light path between 

the emission window and the PMT window.   The aperture of the fork is completely 

closed for 50% of the vibration cycle, and open gradually to the full aperture (5.1 mm) in 

the other half cycle.  A microcontroller could time this such that during the excitation 

period, the two vanes of the fork are closed, and the light path is blocked.  After the 

excitation pulse, the two vanes are open again, and permit the long-lived luminescence to 

be sensed by the PMT.   Therefore, the background excitation signal is greatly reduced.  

The apertures for the emission window, tuning fork, and the PMT window are the same, 

5.1 mm.  As the diameter of the original PMT window is larger than 5.1 mm, a thin black 

plastic sheet with a 5.1 mm diameter hole is used to cover the PMT window.  A 440 nm 

long pass filter (transmittance shown in Figure 2) was placed in front of the emission 

window to remove scattered UV light.  The photodetector output was collected with a 

simple switched integrator circuitry (IVC102, Burr Brown) through a 5 KΩ resistor.  The 

output signal from the integrator was then filtered by a 1-s time constant RC filter and 

acquired with 16-bit resolution (DAS16/16-AO, Measurement Computing) on a computer.   



 

Figure 1. Schematic of the gated detector. UV BPF: UV bandpass filter, LPF: 440 nm 

long pass filter 
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Figure 2. Excitation/emission spectra of Tb(DPA)3
3- and transmittance of filters
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2.4. Signal timing 

The tuning fork vibrates at 40 Hz (frequency stability 0.05%, amplitude stability 

<0.1%) once powered by a driving circuit (Model ED-M, Boston Electronics, Boston, 

MA), and it also has a square wave reference output.  The reference output from the 

tuning fork chopper is connected to the interrupt pin (RB0) of a microcontroller 

(PIC16F873A, Microchip Technology Inc. USA) that uses a 5 MHz crystal oscillator as 

the timebase.  The microcontroller waits a certain period after triggered by the reference 

signal from the fork, and then produces a pulse signal to trigger the flash lamp at the time 

when the aperture of the fork is at the critical transition point to becoming completely 

closed.  The microcontroller also resets the switched integrator for 20 µs when setting the 

trigger signal for the flash lamp.  The microcontroller lets the integrator sample the signal 

for 4 milliseconds and then maintains it in the “hold” state until the next trigger signal 

from the tuning fork.  

 
3. Results and discussion 

3.1.Characteristics of afterpulsing from a gated PMT 

The afterpulsing from a gated PMT was studied using the gated system described 

in section 2.3 except that a gated PMT module (Hamamatsu H7680) was used as the 

photodetector.  The gain control voltage of the PMT was set at 3.0 V.  Figure 3 shows the 

afterpulse signals with different delay times between the excitation pulse and the gate 

enabling of the PMT when the quartz cuvette was filled with water.  We can see that the 

afterpulse signals decay exponentially with a time constant of ~60 µs.  When the delay 

time is 200 µs, the signal does not follow the exponential decay pattern for the first 50 µs, 
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because of the presence of the switching current.  The switching current is the large 

transition current when the PMT is gated on or off, the amplitude of this is only 

dependent on the gain control voltage; the switching current decays much faster than the 

afterpulse.  The afterpulse signal is typically much smaller than the switching current; at 

a gain control voltage of 0.4 V, the afterpulse signal dominates the total signal only after 

~50 µs and the exponential decay pattern of the afterpulse signal is only apparent after 

this period.   

Normally the current to voltage amplifier was operated with a gain of 106 V/A.  

To measure the large current elicited by the excitation pulse when the PMT was not gated, 

the gain was turned down to 104 V/A and the peak intensity of the pulse signal from 

scattered light was measured to be 0.504 V (which would have been 50.4 V under the 

normal gain conditions without power supply limitations).  With exponential decay, 50 

µs after the peak, the signal would be expected to be ~21.9 V.  However, with gating, the 

intensity of the afterpulse signal was only 3.35V after 50 µs.  Gating is thus able to 

reduce the afterpulse signal by ~85%.  While this reduction is certainly good, greater 

reductions in the afterpulse signal will be desired to improve detection limits of weak 

luminescence signals further. 

The observed “afterpulse” signals may actually not be a PMT artifact; it may 

originate from the tailing of the optical pulse from the flash lamp.  A tuning fork chopper 

was installed in the middle of the light path between the emission window and the PMT 

window.  Timing was arranged so that during the excitation period, the two vanes of the 

fork are closed, and the light path is blocked.  After the excitation pulse, the two vanes 

are open again, and permits the long-lived luminescence goes into the PMT.  There was 

essentially no tailing signal observed with this approach, which means that the flash lamp 

has nearly no observable optical tailing.  
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Figure 3. The afterpulsing of the gated PMT (H7680)
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 3.2. Characteristics of the tuning fork chopper based detection 

3.2.1. Specifications of the tuning fork chopper 

In order to get how the reference output from the tuning fork chopper to correlate 

with the opening status of the two blades of the chopper, the quartz cuvette in the system 

shown in Figure 1 was filled with fluorescein (3 mL, 10 µM) solution.  The solution was 

illuminated continuously from the top of the cuvette by a 1.5 mm diameter acrylic optical 

fiber coupled to a 467 nm blue LED.  The flash lamp was disabled.  The gain control 

voltage of the PMT was set at 0.4 V.  The fluorescence signal from the PMT (H5784) and 

the reference output from the chopper are shown in Figure 4.  We can see that the 

fluorescence signal rises slowly, and the rise time is around 3.6 ms.  From independent 

experiments and from manufacturer specifications it was known that the PMT responds 

to light changes much faster, with a rise time around 10 µs. So the slow rise time of the 

fluorescence signal is likely being controlled by the rate of opening of the tuning fork 

chopper.  For our particular application, this will be a disadvantage:  With the aperture 

opening so slowly it will be hard to find a transition point where nearly all the excitation 

light is blocked by the chopper and a large amount of the temporally integrated emission 

light enters the PMT.  This could be improved by using smaller apertures on the PMT 

window/emission window, or better by using a chopper with a higher vibration frequency.  
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Figure 4. Characteristics of the tuning fork modulated emission signal 
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3.2.2. Shutter ratio 

The shutter ratio in the present context is defined to be the ratio of the response of 

the photo detector without/with the chopper existing (in the closed mode), to the same 

light signal.  As is obvious from Figure 4, the signal with the shutter closed is essentially 

zero and the shutter ratio is too high to actually be evaluated.  Under these conditions, the 

high level signal and the low level signal cannot be measured accurately at the same time.  

An indirect method was used to make this measurement.  The optical alignment was the 

same as that in Figure 1.  The quartz cuvette in the system was filled with DI water.  The 

flash lamp was turned on a certain period, for example, 3 milliseconds after the falling 

edge of the reference signal from the chopper.  The peak intensity of the scattered light 

from the flash lamp was 21 mV with the gain control voltage of the PMT (H5784) set at 

0.60 V.  Then the tuning fork chopper was removed from the light path.  Without any 

other modifications, if we measured the scattered light from the excitation pulse, the 

immediate light signal would be too large: it will saturate the PMT and will likely 

permanently damage it.  We fabricated two three-layer optical filters with different 

plastic optical filters cemented together; this filter pair was placed in front of the PMT 

window.  The peak intensity of the scattered light was now measured to be 8.5 V.  The 

gain control voltage of the PMT was reduced from 0.60 V to 0.32 V, and then the peak 

intensity of the scattered light was 93 mV, this ~90-fold decrease in the PMT response is 

consistent with the response vs. control voltage data supplied by the manufacturer (refer 

to attached Figure 5) 



. 

Figure 5. Radiant sensitivity vs. gain control voltage for H5784 

 115



 116

One of the optical filters was now removed, and the peak intensity of the scattered light 

increased by 27× to 2.51 V, which means that neglecting Fresnel losses, the transmittance 

of this filter is 1/27, or 3.7%.  This filter was put back, and the other filter was removed.  

The peak intensity of the scattered light increased 61× from 93 mV to 5.68 V, indicating 

that the transmittance of this filter was 1.6%.  So the transmittance of the combination of 

the two filters is 5.9× 10-4.  Thus, the shutter ratio is computed to be  

8500/(21×5.9 ×10-4) = 6.9 × 105 

This is about an order of magnitude worse than the best shutter ratio (107) attainable with 

the Hamamatsu H7680 gated module.  For a very short pulse, the shutter ratio depends on 

the opening width between the two vanes of the fork when the pulse occurs.  As shown in 

Table 1, the shutter ratio decreases as the aperture of the fork increases when the flash 

lamp is fired.  

Table 1. Shutter ratio vs. delay time 

Delay time 3 ms 3.4 ms 3.6 ms 3.7 ms 3.8 ms 

Shutter ratio 6.9×105 4.5×105 3.3×105 2.8×105 <1.6×103

 Note: Delay time means the duration between the falling edge of the reference output 

from the chopper and the time when the flash lamp is fired.  When the delay time is 3.8 

ms, the detector is saturated as the aperture of the chopper is open enough when the flash 

lamp fires.  

Fill the cuvette with a mixture of 100 µM Tb(III) + 0.5 mM DPA, and set the gain 

control voltage of the PMT to 0.60 V.  The responses of the PMT with difference delay 

times can be seen in Figure 6 below.  When the flash lamp is fired 3 ms after the falling 

edge of the reference output, the tiny peak around -9 ms is the immediate signal caused 
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by the excitation pulse.  The big peak is the long-lived fluorescence signal from Tb-DPA.  

The luminescence signal increases slowly as the aperture is opening, and exponentially 

decays after the aperture is fully open.  When the flash lamp is fired 3.6 ms after the 

falling edge of the reference output, compared to that of 3.0 ms, the excitation pulse 

signal increases a little, and the fluorescence signal also increases.  When the flash lamp 

is fired 3.8 ms after the falling edge of the reference output, the aperture of the chopper is 

open enough to permit strong scattered light enter the PMT, and the detector is then 

saturated.  The saturation period is much longer than the duration of the light pulse (~10 

µs).   

From the data above, it can be seen that a delay time of 3.6 ms gives the highest 

luminescence signal, while it keeps the immediate scattered light background signal at an 

acceptable level.  So this delay time of 3.6 ms is used for the further investigations.  
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Figure 6. The luminescence of Tb-DPA with different delay time
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3.3. Performance of gated luminescence detection of Tb-DPA 

Determination of DPA enhanced Terbium luminescence using the tuning fork 

based detector is shown in Figure 7.  The luminescence intensity of Tb-DPA is linear 

with the DPA concentration with an r2 of 0.997 with a slope of 71.8 mV/nM.  The 

calculated detection limit (3σ) is 0.12 nM.  This performance can be compared with the 

reported LOD of 2 nM DPA obtained with a benchtop gated fluorescence spectrometer 

with a high power Xe flash lamp.14  It is very substantially better than the portable 

anthrax detection system with a similar source and a CCD detector.15  The detection limit 

is marginally higher than the system described in the previous chapter using a gated PMT 

(LOD 0.09 nM).  The shutter ratio of the tuning fork is around 105, which is enough to 

reject the high intensity excitation pulse and enables the photosensor to be operated at 

high gain without saturation.  In the gated system described in previous chapter, the PMT 

can not be operated in high gain region because of the afterpulse issue.  The performance 

of the chopper based system is expected to be better than that with a gated PMT.  

However, the rising time (3.6 ms) of the tuning fork in this work is very long compared 

to the fluorescence life time of Tb-DPA, which is around 0.6 ms.  Therefore, a large 

portion of useful signal is also blocked by the fork and is not collected.  A different 

model of the tuning fork chopper is available that is capable of operation at a 6-fold 

greater drive frequency and should be more better for the present application. 

Figure 7 shows a blank background (10 µM Terbium(III) in 50 mM pH 5.5 

acetate buffer) of ~0.67 V.  The native luminescence form Terbium (III) contributes 0.25 

V.  The afterpulse from the photodetector, tailing of flash lamp and the dark current 

together contribute 0.42 V with the afterpulse contributing the lion’s share.  If present in 
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high enough concentrations, short-lived fluorescent species could also produce false 

positive interference because of the afterpulse effect.  Fluorescein with concentration less 

than 5 µM elicited nearly no response on the detector, but 20 µM fluorescein gave a 

signal that is the same as 1.3 nM DPA.  

With the combination of optical filters and tuning fork, the scattered light 

background excitation pulse has amplitude of around 20 mV when the gain control 

voltage of the PMT is set at 0.600 V.  This background pulse will be 20 mV × 6.9×105 = 

1.38×104 V without the tuning fork.  This is a huge signal.  For the gated PMT module 

(H7680), with the high shutter ratio, a rather small signal was observed.  However, the 

photocathode is still exposed to intense light, and this still degrades PMT performance 

over time.  We observed a slow baseline drop and sensitivity decrease with the gated 

system described in the previous chapter.  However, with the tuning fork based detection 

system, no such baseline drop and sensitivity decrease has been seen.   Therefore, in 

additional to the relative low cost of the tuning fork based detector, stable performance is 

another considerable merit.  
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Figure 7. Calibration curve.  Tb(III): 10 µM, gain control voltage of PMT H5784: 0.60 V  
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4. Conclusions 

A low-cost time-gated detection system using a tuning fork chopper to block the 

intense excitation pulse and a conventional PMT to collect the luminescence signal was 

built.  It exhibits a limit of detection of 0.12 nM DPA for terbium dipicolinate 

luminescence measurements and solves the baseline drop and sensitivity decrease 

problem encountered when an expensive gated PMT module (H7680) was used.  Such a 

detection system would be an ideal choice for many applications using a lanthanide based 

time-gated luminescence detection.  
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APPENDIX 
 

Programming for the microcontroller 
PIC16873A is a 40-Pin 8-Bit CMOS FLASH Microcontroller.  The ASM source 

codes are edited and compiled into HEX files by MPLAB IED Ver6.40 (Microchip 
Technology Inc. USA), and then are downloaded into the microcontroller using a USB 
powered flash PIC programmer kit ( KIT-128 with ZIF, DIY Electronics (HK) Ltd ).  
  

The followings are the ASM source cods used in this research.  
Program 1 used in Chapter II 

;This program is used to control an LED and IVC102. LED on .5 us, delay 10 us, 
;integration 2 ms, freq 50 Hz 
     
 LIST P=16F873A 
    #include  <p16f873A.inc> ;Include header file 
  
 
Counter EQU  0x22              ;counter 0 
Counter1 EQU  0x23             ;counter 1 for subrountines 
        
 
BSF     STATUS,RP0      ;SELECT REGISTER BANK 1    
CLRF   TRISB        ;SET PORTB TO ALL OUTPUTS 
BCF     STATUS,RP0      ;SELECT REGISTER BANK 0 
Start: 
     movlw B'00000001' 
    movwf PORTB            ;set PortB  
 ;clrf PORTB 
 ;movlw .2    ;wait 10 us 
 ;call WaituS   ;in previous version, the cm was missed 
 bcf  PORTB,0 
  
 movlw .2   ;wait 10 us 
 call WaituS 
 ;movlw B'00000011' 
    ;movwf PORTB            ;set PortB  
 bsf  PORTB,1  
 movlw .200   ;wait 1ms 
 call WaituS 
 movlw .200   ;wait 1ms 
 call WaituS 
 bsf PORTB,.2 
 
 movlw .200   ;wait 1ms 
 call WaituS 
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 movlw .200   ;wait 1ms 
 call WaituS 
 movlw .200   ;wait 1ms 
 call WaituS 
 movlw .200   ;wait 1ms 
 call WaituS 
 movlw .200   ;wait 1ms 
 call WaituS 
 movlw .200   ;wait 1ms 
 call WaituS 
 movlw .200   ;wait 1ms 
 call WaituS  
 movlw .200   ;wait 1ms 
 call WaituS 
 movlw .200   ;wait 1ms 
 call WaituS 
 movlw .200   ;wait 1ms 
 call WaituS 
 movlw .200   ;wait 1ms 
 call WaituS 
 movlw .200   ;wait 1ms 
 call WaituS 
 movlw .200   ;wait 1ms 
 call WaituS 
 movlw .200   ;wait 1ms 
 call WaituS 
 movlw .200   ;wait 1ms 
 call WaituS 
 movlw .200   ;wait 1ms 
 call WaituS  
 movlw .200   ;wait 1ms 
 call WaituS 
 movlw .200   ;wait 1ms 
 call WaituS 
 
 goto  Start     
 
 
WaituS movwf Counter1  ;for 5 MHz clock, 5*w micron seconds 
  decf Counter1,F 
  nop 
loopWS:  nop 
  nop 
  decfsz Counter1,F 
  goto loopWS 
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  nop 
  retlw 0x00 
 
  end 
 

Program 2 used in Chapter IV 
 
;This program is used to controll a flash lamp and IVC102. 20 us pulse for lamp 
;integration 4 ms, freq 40 Hz (set by the fork), not good: noise no decrease, 
;interrupt signal from the tunning fork or chopper, falling edge trigger, delay 3.6 ms. 
;PortB 0 for interrupt, 1 flashlamp, 2 integration (low), 3 reset (low),4 for PMT low--;>on 
     
 LIST P=16F873A 
    #include  <p16f873A.inc> ;Include header file 
  
 
Counter EQU  0x22              ;counter 0 
Counter1 EQU  0x23             ;counter 1 for subrountines 
Counter2     EQU  0x24  ;counter 2 for sub-subrountines        
delreg   EQU  0x25   ;Set aside space for the registers 
 
  org 0x00 ; Reset vector. 
  goto start 
  org 0x04 ; Interrupt vector. 
 
intpt: movlw .3 
  call WaitmS   ;delay 3 ms 
  movlw .120 
  call WaituS   ;delay 600 us 
  ;call WaitmS 
  movlw B'00010110' 
     movwf PORTB            ;set PortB  
  movlw .4    ;wait 20 us 
  call WaituS   ;using 20 us pulse to turn on the lamp 
  bcf  PORTB,.1 
  
 ; movlw .30    ;wait 150 us 
 ; call WaituS 
  movlw  .10 
  call  WaituS 
  bcf  PORTB,.4  ;turn on the PMT 
  movlw .10 
  call WaituS   ;wait for the swiching pulse 
  bsf  PORTB,.3 
  bcf  PORTB,.2 



 127

  movlw .4    ;wait 4ms 
  call WaitmS 
  bsf  PORTB,.2 
  bsf  PORTB,.4  ;turn off the PMT  
  movlw .2    ;wait 2 ms 
  call WaitmS 
   
  bcf INTCON,INTF   ;enable interrupt again 
   
  retfie ; Return from interrupt and continue as normal. 
 
 
;--Set up RB1 to RB7 as outputs and RB0 an input for the interrupt. 
start: bsf STATUS,RP0 ; Select Bank 1. 
  movlw B'00000001' 
  movwf TRISB 
;--Set up the interrupt for rising edge triggering. 
  ;movlw B'01000000'  ;those two for rising edge 
  ;movwf OPTION_REG 
  clrf   OPTION_REG ;falling edge trigger 
  bcf STATUS, RP0 ; Go back to Bank 0. 
  movlw B'00000100' 
  movwf PORTB  ;power up condition, reset 
;--Set up the interrupt system initially. 
  movlw B'10010000' ; Set GIE and INTE bits in INTCON register. 
  movwf INTCON 
 
;--Now begin the main program loop. 
 
begin: nop 
 nop 
 goto begin 
;--End of main program body. 
 

Program 3 used in Chapter IV
;This program is used to controll a flash lamp and IVC102. 20 us pulse for lamp 
;integration 4 ms, freq 40 Hz (set by the fork) 
;interrupt signal from the tunning fork or chopper, falling edge trigger, delay 3.6 ms. 
;PortB 0 for interrupt (4.7 K pulldown resistor needed on this line, 1 flashlamp, 2 
integration (low), 3 reset (low) 
     
 LIST P=16F873A 
    #include  <p16f873A.inc> ;Include header file 
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Counter EQU  0x22              ;counter 0 
Counter1 EQU  0x23             ;counter 1 for subrountines 
Counter2         EQU  0x24  ;counter 2 for sub-subrountines        
delreg   EQU  0x25   ;Set aside space for the registers 
 
  org 0x00 ; Reset vector. 
  goto start 
  org 0x04 ; Interrupt vector. 
 
intpt: movlw .3 
  call WaitmS   ;delay 3 ms 
  movlw .120 
  call WaituS   ;delay 600 us 
  ;call WaitmS 
  movlw B'00000110' 
     movwf PORTB            ;set PortB  
  movlw .4  ;wait 20 us 
  call WaituS  ;using 20 us pulse to turn on the lamp 
  bcf  PORTB,.1 
  
  movlw .30    ;wait 150 us 
  call WaituS 
  bsf  PORTB,.3 
  bcf  PORTB,.2 
  movlw .4    ;wait 4ms 
  call WaitmS 
  bsf  PORTB,.2 
  movlw .2    ;wait 2 ms 
  call WaitmS 
   
  bcf INTCON,INTF   ;enable interrupt again 
   
  retfie ; Return from interrupt and continue as normal. 
 
 
;--Set up RB1 to RB7 as outputs and RB0 an input for the interrupt. 
start: bsf STATUS,RP0 ; Select Bank 1. 
  movlw B'00000001' 
  movwf TRISB 
;--Set up the interrupt for rising edge triggering. 
  ;movlw B'01000000'  ;those two for rising edge 
  ;movwf OPTION_REG 
  clrf   OPTION_REG ;falling edge trigger 
  bcf STATUS, RP0 ; Go back to Bank 0. 
  movlw B'00000100' 
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  movwf PORTB  ;power up condition, reset 
;--Set up the interrupt system initially. 
  movlw B'10010000' ; Set GIE and INTE bits in INTCON register. 
  movwf INTCON 
 
;--Now begin the main program loop. 
 
begin: nop 
 nop 
 goto begin 
;--End of main program body. 
 
 
;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 
 
;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 
;subrountines, WaituS : 5x w micron senconds, Waitms: w ms 
;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 
 
WaituS movwf Counter1  ;for 5 MHz clock, 5*w micron seconds 
  decf Counter1,F 
  nop 
loopWS: nop 
  nop 
  decfsz Counter1,F 
  goto loopWS 
  nop 
  retlw 0x00 
 
WaitmS  movwf Counter2 
loopms: nop 
  movlw .200  ;wait 1 ms 
  call WaituS 
  decfsz Counter2,F 
  goto loopms 
  retlw 0x00 
  end 
 


