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Abstract

A compact fluorosensor using three different ultraviolet light-emission diodes as excitation sources for fiber-optic recording of fluorescence
spectra from samples is described. A compact integrated spectrometer with linear array wavelength recording is used, yielding a spectral resolution
of about 8 nm. In two system implementations ultraviolet light-emitting diodes at 300, 340 and 395 nm, or at 360, 385 and 410 nm were used as
excitation sources with typical emission halfwidths of 12 nm, each combined with a matching long-path colored-glass filter automatically brought
into the fluorescence light flow for suppression of reflected light. Spectra from measurements on vegetation, human skin tumors and a rare-earth
ion-based thermographic phosphor were recorded to illustrate the system performance.
© 2007 Elsevier B.V. All rights reserved.
Keywords: UV light-emitting diode; Fluorescence; Spectrometer; Cancer diagnostic
1. Introduction

Fluorescence spectroscopy is a powerful diagnostic modality
that complements reflectance spectroscopy in a large variety of
non-intrusive, real-time applications including analytical chem-
istry, forensic sciences, environmental monitoring and medical
diagnostics. In particular, laser-induced fluorescence has been
applied in fiber-optic point monitoring as well as in multi-
spectral imaging using a wide variety of systems. Applications
to biomedicine have used fluorosensors such as the ones de-
scribed in Refs. [1] and [2], and imaging systems as exemplified
in Refs. [3] and [4]. Reviews can be found, e.g. in Refs. [5] and
[6]. Laser-induced fluorescence can also be applied in a remote-
sensing variety using fluorescence lidar techniques both for
spectral recordings and for large-area imaging [7,8]. Fluores-
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cence recordings are frequently performed with a spectrometer
showing the full spectrum. However, the recorded spectrum is
also strongly influenced by the excitation wavelength, and thus
it is desirable to have multiple wavelengths in the excitation
source. Nitrogen lasers operating at 337 nm have proved to be a
convenient source for inducing fluorescence and a simple dye
laser can be used to generate additional wavelengths (see, e.g.
Ref. [1,2]). With the advent of blue and UV diode lasers through
work at Nichia Corporation [9] a compact and convenient ex-
citation source became available. A fluorosensor based on a
395 nm diode laser is described in Ref. [10]. With commercial
diode lasers now available at as low wavelengths as 375 nm
a fluorosensor with multiple-wavelength excitation could in
principle be constructed. However, since such diode lasers are
vulnerable to electrical transients combined with being costly,
and very short wavelengths could anyway not be achieved, such
a solution is less attractive. Observing that fluorescence spectra
of liquids and solids are quite broad-banded and thus really do
not require narrow-band excitation, it was instead realized, that
multiple light-emitting diodes (LEDs) available for ultraviolet
(UV) wavelengths down to 250 nm could instead be used.

A peculiarity in fluorescence diagnostics is that it is man-
datory to block the strong excitation light by additional filtering,
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Fig. 1. (a) Optical scheme of the system with fiber couplings indicated. (b) Lay-
out of the fluorosensor based on multiple UV-emitting diodes. Length of side:
125 mm. (c) Photograph of the system.
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since the spectrometer/detector alone cannot handle the strong
reflected light in the presence of the weak emission of interest;
this is due to stray light, blooming etc. Thus, an individually
matched long-pass filter has to be inserted in the detection light
beam for each excitation source. A single filter cannot be used,
since then it would have to match the longest wavelength LED.
However, it is highly desirable to capture fluorescence as close
to the excitation wavelength as possible, since here the strongest
discriminative features frequently occur.

In finding an appropriate arrangement for the efficient use of
multiple excitation sources we have evaluated pros and cons of
different solutions (mechanical switching of the different LEDs
in synchronism with switching filters using rotary stage or
sledges and the use of reflecting optics (spherical or off-axis
parabolas), placing the exchangeable filter outside or inside the
spectrometer etc). Mechanically switchable LEDs can give
better photon economy but need frequent mechanical adjust-
ment which is less compatible with portable use. The present
paper reports on the construction and performance of a novel
fluorosensor largely based on fiber-optic components, and rep-
resentative application examples are given.

2. Fluorosensor set-up

The general arrangements for our UV-LED-based fluoro-
sensor are given in Fig. 1a and b. A photograph of the instru-
mentation is shown in Fig. 1c. In order to induce fluorescence at
multiple excitation wavelengths two different arrangements,
each with three different excitation wavelengths, produced in
UV LEDs, were used. In one arrangement diodes with nominal
operating wavelengths at 300 nm, 340 nm and 395 nm are used
as light sources in the fluorosensor. The LEDs have integrated
lenses made by UV-transmitting material, and three individual
fibers of diameter 400 µm, optimally placed in the light flow,
carrying excitation light from the UV diodes are merged into a
single 400 µm fiber (A.R.T. Photonics GmbH). In an alternative
arrangement, three LEDs with UV-transmitting epoxy lenses
were used. Holes were drilled into the epoxy to accommodate
the light-collecting fibers, which were thus placed in a pig-tailed
arrangement with the fiber ends as close to the light-emitting
chips as possible. We used a combination of 360, 385 and
410 nm diodes, 360 nm being the shortest-wavelength LED
with machine-workable epoxy lens. The LEDs, all delivered by
Roithner Laser Technique, are powered by batteries inside the
fluorosensor and can be switched on and off on computer
command. The fiber into which the three individual laser fibers
were merged, and a further fiber connected to the spectrometer,
are then merged into a single fiber of diameter 600 µm (Fig. 1a),
the distal end of which is placed in contact with the object under
study. The output light power at the fiber tip is a fraction of
a mW and is completely eyesafe. Induced fluorescence is col-
lected and guided back towards the fluorosensor via the same
fiber, and at the first joint, part of it is transferred into the
spectrometer fiber. Fluorescence spectra are recorded in an
Ocean Optics USB4000 miniature spectrometer with a 3648
element CCD (Charged Coupled Device) array. The 200 μm
spectrometer entrance slit results in about 8 nm resolution,
which is adequate for fluorescence monitoring. The elastically
backscattered LED light is blocked by Schott colored-glass
filters (WG320, GG385 for the first set of diodes, GG385 and
GG455 for the second set of diodes) placed on a computer
controlled filter wheel in front of a lens (UV Grade Fused Silica
lens, Edmund Optics, f=13.5 mm) focusing the fluorescence
light onto the spectrometer slit. Individual long-pass filters are
desired to ensure that fluorescence can be measured as close to
the excitation wavelength as possible, since specific informa-
tion on the target material frequently can be found here.
However, the filter GG385 turned out to be the most efficient
filter for filtering out the 385 and 395 nm excitation light as
well.

A schematic overview of the spectral aspects of our fluo-
rosensor is given in Fig. 2. Here the spectral profiles of the UV
LEDs used in our first arrangement with matching long-pass
filters are schematically shown together with experimental
fluorescence spectra of chlorophyll and protoporphyrin IX,
representative for environmental and biomedical applications,
respectively. We note, that the comparatively broad fluores-
cence structures well match the finite widths of the LEDs. The



Fig. 2. Spectral characteristics of components of the fluorosensor and typical spectra.
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spectra would basically have looked the same for narrow-band
laser excitation. A special problem when using broad-band UV
LEDs is that a long-wavelength tail tends to leak through the
colored-glass filter, adding some reflectance light to the
fluorescence light for short wavelengths. This signal can to
first order be subtracted from the recorded spectrum; this has
been done in the spectra shown in this paper. White light
spectral correction was also applied to the data in Figs 4 and 5.

Autofluorescence induced in the optical fibers carrying the
excitation light was found to have a negligible effect on the
result but autofluorescence from the filters has to be subtracted.
The comparatively long exposure time required makes the
system sensitive for ambient light. However, since the optics is
well shadowed inside the fluorosensor box and the fiber-optic
Fig. 3. Spectra from Y2O3:Eu
3+, excited at 300, 340 and 395 nm. It can be seen

that the 611 nm line is very sensitive to the excitation wavelength. No spectral
correction was applied.
probe is arranged to create a local shadow at the measuring site,
the ambient light is effectively suppressed allowing measure-
ments to be preformed in daylight.

Data-taking was fully controlled by LabVIEW computer
code. Thus, a single-knob activation initiates a sequence, where
first a background spectrum is recorded without any diode
activated followed by sequential data-taking for each of the
three LEDs being lit up and combined with the proper long-path
filter, turned into the optical path in front of the spectrometer slit
by rotating the filter wheel under computer control. The spectra
could then be corrected to the case of a white spectral response
of the fluorosensor by establishing a multiplicative spectral
correction function. For this purpose spectral recordings through
the measurements probe of the light from a 200 W calibrated
quartz tungsten/halogen lamp (Oriel 63355) with a known spec-
tral profile were recorded. The three corrected spectra are then
displayed together, and further data processing, including e.g.
multivariate analysis [11], can then be performed with the lap-
top computer, controlling the fluorosensor.

3. Measurements

We have used the new compact instrument on different
types of samples including thermographic phosphors, plants
and human tumors.

3.1. Thermographic phosphor

The measurements made with the fluorosensor on a known
thermographic phosphor [12], Europium-doped yttrium oxide
(Y2O3:Eu

3+), shown in Fig. 3, clearly demonstrate that the
fluorescence is strongly dependent on the excitation wave-
length. The 300 nm LED is within the europium absorption
band and should induce strong fluorescence at the emission
line 611 nm. 340 nm, on the other hand, possesses the lowest



Fig. 5. Fluorescence spectra recorded for a basal cell carcinoma tumor and for
normal surrounding skin. A cream containing δ-amino levulinic acid (ALA) had
been applied to the area 4 h before the measurement, and PpIX has been
synthesized to a higher degree in the tumor area as evidenced by the size of the
635 nm fluorescence peak. Three different excitation wavelengths were used:
360, 385 and 410 nm.
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absorption value in the entire spectrum and will hardly induce
any fluorescence at 611 nm. One of the strongest ionic tran-
sitions in this material is found at an excitation wavelength of
394.5 nm, perfectly matched to the LED at 395 nm.

3.2. Plant fluorescence

Chlorophyll a in green vegetation is effectively excited in
the blue and red spectral regions yielding a dual-band spectral
profile with peaks at about 685 and 740 nm [13]. Each specimen
has its own spectroscopic finger-print, also considering ac-
cessory pigments and leave-coating wax, and after multivariate
analysis different species may be spectroscopically identified.
Fluorescence recordings from a field study in Ghana are shown
in Fig. 4, where data from nutmeg and papaya leaves are shown.

3.3. Tumor fluorescence

When human skin is illuminated with a violet source the
tissue autofluorescence ranges from blue to red with a maxi-
mum intensity around 460 nm. Several different fluorophores
contribute to the autofluorescence, including elastin, collagen,
NADH, and carotene. The average fluorescence intensity de-
creases in malignant lesions due to changes in chemical com-
position and hemoglobin absorption of the excitation light. A
tumor sensitizer with characteristic fluorescence signature in the
near infrared spectrum can be used for tumor identification and
demarcation. The sensitizer protoporphyrin IX (PpIX) precursor
δ-amino levulinic acid (ALA) is a natural constituent in the
body, utilized as the starting material in the heme cycle. PpIX is
produced at higher concentrations in diseased cells than in
healthy areas. This photosensitizer is used in photodynamic
therapy, a treatment that enables selective eradication of cancer
cells.

The fluorosensor described was used in connection with
tumor photodynamic therapy at the Oncology Clinic at the Lund
University Hospital. Examples of spectra from normal tissue
and tumor are shown in Fig. 5, displaying an increased 635 nm
Fig. 4. Spectra from nutmeg and papaya leaves (Ghana). The excitation
wavelength is 395 nm.
fluorescence due to PpIX in tumor. We note that 410 nm gives
rise to the largest PpIX signal, since its largest absorption occurs
at 405 nm.

4. Discussion

A compact fiber-optic fluorosensor was constructed and the
usefulness of multiple excitation wavelengths was demon-
strated. Skin cancer diagnostics using PpIX fluorescence was
demonstrated. Also the skin autofluorescence may provide
valuable information about the patient status. Recently, the role
of Advanced Glycation End (AGE) products as a possible major
factor in aging and age-related chronic diseases, such as
diabetes, Alzheimer's disease, atherosclerosis and chronic renal
failure has been discussed (see, e.g. Ref. [14]). AGEs can
accumulate in nearly every type of cells in the body and are
produced when sugar and lipids react with proteins. Recently it
was demonstrated that AGE can be measured in skin
autofluorescence [15–18]. Several AGE components fluoresce
at 440 nm when illuminated with 370 nm, why a fluorosensor
in the UV region could be useful for the measurements. Prelim-
inary measurements along these lines have been performed
with the system, and multiple UV excitation wavelengths are
of particular interest in this context.

The system performance is similar to what is obtained from
single-wavelength diode-laser-based fluorosensors. The LEDs
can readily be replaced with units emitting at other wavelengths.
The general light collection efficiency of the present system is
somewhat low, leading to several seconds of data integration
time. However, higher LED output power and better fiber
couplings/matching could realistically take down the spectral
recording time to a second. Exact correction for the long-
wavelength tail of the LEDs, leaking through the color-glass
filter, as well as for the filter autofluorescence could be chal-
lenging in assuring true spectral shapes at short fluorescence
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wavelengths. However, in practical diagnostics applications
using multivariate analysis [11] with learning data sets, this
potential problem is not important.
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