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" Fluorescence and FTIR methods are
suitable to classify the biological
material.

" Both techniques allow
discrimination of pollens from other
samples.

" Combined FTIR and fluorescence
data did not improve bio-particles
classification.

" Sensitivity of fluorescence
techniques allow signal collection
from single particle.

" Fluorescence technique might be use
for early detection systems.
1386-1425/$ - see front matter � 2012 Elsevier B.V. A
http://dx.doi.org/10.1016/j.saa.2012.05.063

⇑ Corresponding author. Tel.: +48 22 683 75 14; fax
E-mail address: abombalska@wat.edu.pl (A. Bomb
g r a p h i c a l a b s t r a c t
a r t i c l e i n f o

Article history:
Received 5 January 2012
Received in revised form 21 May 2012
Accepted 25 May 2012
Available online 13 June 2012

Keywords:
Fluorescence
FTIR
Pollen discrimination
a b s t r a c t

Spectroscopic techniques are under investigation on possibility of differentiation of airborne particles.
This paper describes pollen discrimination among others bio-particles in laboratory conditions. Pollen
samples were characterized with UV–Vis fluorescence, drift and KBr pellet techniques of infrared spec-
troscopy. Principal Component Analysis of UV–Vis fluorescence and FTIR spectra revealed that pollens
can be distinguished from other bio-materials with use of these methods. Both methods resulted in sim-
ilar classification capability. Combined FTIR and fluorescence data analysis did not improve the discrim-
ination between pollen allergens and other airborne biological materials.

� 2012 Elsevier B.V. All rights reserved.
Introduction

Environmental monitoring recently attracts worldwide interest.
A number of biological particles of different origin are constantly
present in the environment and they may eventually affect human
and animal health. Immune system discriminates between harm-
less substances and hazardous ones and provides an adequate
response.

Plants produce enormous number of pollen grains during polli-
nation season. Some people can suffer strong allergic response that
is induced by specific peptide antigens present on the surface of
ll rights reserved.

: +48 22 666 89 50.
alska).
pollen. Some people suffer from skin and mucosa itching, while
others have strong respiratory dysfunction related to breathless-
ness [1,2].

Current methods of pollen identification rely on their morphol-
ogy inspection under light microscope. However, it does not provide
any rapid warning systems for allergist [3,4]. Spectral methods such
as fluorescence spectroscopy [5,6], Raman spectroscopy [7,8], infra-
red spectroscopy [9–12] and laser-induced breakdown spectros-
copy (LIBS) [13] are modern approaches to discrimination and
classification of pollens and other bio-materials, but were not yet
applied in aerobiological monitoring stations. Until recently this
methods were used only in laboratory conditions for characteriza-
tion and distinguishing pollen grains from other airborne particles.
Latest reports showed that advances in discrimination were
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expanded to pollen belonging to the same genus. Some papers that
have been published, showed usefulness of the Fourier transform
infrared spectroscopy in pollen studies. Pappas et al. [14] showed
that IR method was able to discriminate pollen species belonging
to the same genus, such discrimination cannot be done by
microscopic studies. Gottardini et al. [9] confirmed results of [14]
and also demonstrated the discrimination potential of FTIR by
examine the mixture of two different pollen taxa. Dell’Anna et al.
[11] showed the application of FTIR together with statistical analy-
sis (HCA, K-NN) in the process of pollen discrimination. Fluorimetric
methods are common in bio-analyses and found application in
distinguishing between biological and non-biological particles.
Recently fluorescence microscopy was demonstrated as a tool in
pollen analysis [16].

The present work shows the application of spectroscopic meth-
ods for detection and discrimination of pollens from the other bio-
logical substances contained in the sample. Our spectroscopic work
was a part of larger project aiming detection and identification of
biological particles with use of advanced optoelectronic methods.
Different analytical methods were used to characterize biological
material as absorption spectroscopy (UV–Vis, IR), fluorescence
spectroscopy including LIF (Laser Induced Fluorescence). In pre-
sented study fluorescence and FTIR techniques along with PCA
analysis were used for pollen characterization and discrimination.
The aim of this experiments was the comparative analysis of the
differentiation potential of FTIR and fluorescence techniques.
Materials and methods

Pollens, proteins, standards

All materials used are listed in Table 1).

Bacteria, yeast and filamentous fungi

The following bacterial strains were used throughout the study:
Bacillus atrophaeus var. globigii ATCC 9372 (BG), Bacillus thuringen-
sis ATCC 10792, Bacillus cereus ATCC 14579, Bacillus subtilis ATCC
6633, Escherichia coli ATCC 25922, Micrococcus luteus ATCC 4698,
Bacillus megaterium ATCC 14581 and Pantoea agglomerans ATCC
Table 1
List of biological samples.

Material Abbrev. Source

AC Fine Test Dust standard DUST Dukea

Artemisia absinthium, ARTA Sigma–Aldrichb

Artemisia tridentata ARTT Sigma–Aldrich
Bermuda grass BER Duke
Bermuda grass smut spores BERs Duke
Black walnut WAL Duke
Corn COR Duke
Iva xantifolia IVA Duke
Johnsons grass smut spores JONs Duke
Kochia scoparia KOS Sigma–Aldrich
Lycopodium LYC Sigma–Aldrich
Paper mulberry PAP Duke
Pecan PEC Duke
Poa pratrensis POA Sigma–Aldrich
Populus nigra italica NIG Sigma–Aldrich
Populus tremuloides ASP Sigma–Aldrich
Ragweed RAG Duke
Secale cereale SEC Sigma–Aldrich
Ovalbumin OVA POCHc

Bovine Serum Albumin BSA Sigma–Aldrich
Syloid 244 FP SYL Graced

a Duke – Duke Sci. Corp, Faber Place, Palo Alto, CA.
b Sigma–Aldrich – Sigma–Aldrich, Poland.
c POCH – Joint-Stock Company, Poland.
d Grace – Grace GmbH&Co KG.
27155. The working cultures of each strain were prepared from
the reference stock and the bacteria were grown in the appropriate
liquid media for 18 h at 37 �C [17]. Endospores from Bacillus spe-
cies were purified according to Caipo et al. 2002 [18]. Candida albi-
cans ATCC 18804 and four strains of filamentous fungi: Penicillium
brevicompactum ATCC 9056, Penicillium chrysogenum ATCC 9179,
Alternaria alternata ATCC 6663 and Cladosporium herbarum ATCC
289877 were also used. The C. albicans strain was grown in liquid
Yeast Extract-Peptone-Dextrose Medium (YPD medium), and fila-
mentous fungi were cultured in MEA medium, respectively.

Methods

Fluorescence measurements
Spectra were recorded using fluorimeter FS 900 (Edinburgh

Instruments) provided with front surface holder. Such experimen-
tal setup allows measurement of powders. Pollen powders were
pressed to the cuvette surface and protected from sliding with an
additional glass holder. An empty cuvette was used as a blank.
The slits of both monochromators were set to 2 nm of spectral res-
olution. Excitation was measured from 250 to 400 nm in 5 nm
steps, and emission from 260 to 550 nm in 2 nm steps. Raman sig-
nal was subtracted from the sample signal in post processing. Fluo-
rescence matrices were normalized to a maximum value.
Excitation-Emission (EX-EM) matrices were plotted with KyPlot,
Kyenslab Inc., Japan.

FTIR spectra
FTIR spectra were obtained using Perkin-Elmer Spectrum GX

Optica FTIR spectrometer. Measurement range was 4000–650
cm�1 (2.5–12.5 lm) with 4 cm�1 resolution. Three methods of
measurement were applied:

� Conventional Transmission Mode using KBr pellet,
� Diffuse Reflectance Infrared Fourier Transform – DRIFT,
� Horizontal Attenuated Total Reflectance – HATR.

Conventional KBr pellet spectra were recorded from the sample
(about 2 mg), which was grinded and mixed with dry KBr powder
(about 200 mg), and then compressed with an Evacuable Pellet Die
to produce a 13 mm diameter pellet. The IR light passes the pellet
before it reaches the detector.

DRIFT method provides a convenient and rapid method of the
sample preparation. It is not necessary to prepare the sample with
KBr in the form of pellet. If the sample is not compressed, no poly-
morphic changes in crystalline structure occur. The principle of
this method is the measurement of spectrum of radiation scattered
from the sample, minimizing influence of specular reflectance. The
collection angle of the diffuse reflectance accessory is full p stera-
dians. The angle of incidence is 38�, which reduces the specular
reflectance component from KBr to no more than 5%.

HATR spectra were recorded from the film of the sample pre-
pared on the ZnSe crystal surface. Pollens were suspended in
water, stirred and placed on ZnSe crystal. When suspension was
desiccated the spectrum was recorded. Twenty scans were re-
corded for each sample. Infrared beam enters a crystal made from
material with high refractive index. ZnSe crystal supplied with the
HATR by Perkin–Elmer has 12 reflections at the crystal angle of 45�.
The sample was held in close contact with the crystal. At each
internal reflection the beam penetrates the sample. The penetra-
tion depth is typically of the order of a few microns, allowing mea-
surement of thin samples. The spectra were recorded with use of
mid infrared FR-DTGS detector with KBr window.

Pollens with use of FTIR were examined with pellet and DRIFT
techniques. HATR was not applied due to the insolubility of pollens
and potential influence of water on their chemical stability. Also
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adhesion of pollen grains might be insufficient for that kind of
analysis. Bacteria and fungi were examined with HATR due to frag-
ile character of the bio-material. Other techniques would destroy
the cells.
Analysis

The FTIR data were pre-processed with algorithm of baseline
correction. Background was recorded each time before the mea-
surement, and subtracted automatically by the software. Also all
numerical data were normalized to the value of one. HATR data
were processed by a function of ATR correction. ATR Correction is
used to make spectra collected with an Attenuated Total Reflection
accessory similar to transmittance spectra. This procedure allows to
compare spectra of the two types. The band intensities in internal
reflectance spectra differ from those in transmittance spectra be-
cause the depth of the penetration of the radiation into the sample
varies with the wavelength. If there is perfect contact between the
sample and ATR crystal, the penetration depth is proportional to the
wavelength. Poor contact with the crystal results in fractional pen-
etration depth of the wavelength. ATR correction compensates this
effect and obtained spectra has closest possible match with the
intensities in a reference transmittance spectrum. Even after cor-
rection, the band in internal reflectance spectra will be slightly dif-
ferent from those obtained by transmittance measurements, but
not by enough to affect qualitative interpretation [19].

Principal Component Analysis (PCA) was performed with
SIMCA-P program, from Umetrics AB, Umeå, Sweden. Analyzed
data was mean-centered and scaled to unit variance. Percentage
of variance modeled by Principal Components (PC) is listed in axis
titles of each score plot.
Results and discussion

Three dimensional EX–EM plots provide very useful tool for
visual representation of material fluorescence properties. Sample
Fig. 1. Sample EX-EM matrices of dry Ovalbumin (OVA), E. coli (EC) and P.
brevicompactum (PBC).
EX–EM matrices of three biological materials are shown in Fig. 1.
The common feature of biological samples is fluorescence in the re-
gion characteristic for tryptophan - an amino acid present in pro-
teins. The emission maximum for ovalbumin and E. coli ranges
from about 310–360 nm. Similarly, P. brevicompactum fluoresces
at this region but main peak is placed at 360–500 nm. Presented
samples show the highest fluorescence signals at excitations rang-
ing from 250 to 280 nm.

Analysis of 15 different pollens and two smut spores revealed
that dry pollens are characterized with emission peaks at longer
wavelengths compared to the biological material of other origin.
This gives possibility of discrimination of pollens from other bio-
particles. EX-EM matrices of three pollens and one smut spore re-
veal that dry pollens fluoresces at wavelengths over 380–400 nm,
and wide excitation region spreads over the whole measurement
range (Fig. 2). No fluorescence was observed in Bermuda grass
smut spores (BERs) thus main graph area remains nearly flat. Sharp
peaks appearing on BERs graph are characteristic artifacts of
fluorimeter.

The following regions of matrices were selected for PCA: excita-
tion 260–400 nm and emission 300–500 nm. It allowed to exclude
artifacts mentioned above that could influence the results of statis-
tical analysis. Two-dimensional PCA plot is presented in Fig. 3. Pol-
lens, although spread over half of the graph area, can easily be
distinguished from other bio-materials. Points representing fungi
and bacterial spores are scattered widely across the plot area thus
they are difficult to separate. Vegetative bacteria form relatively
narrow group that is interlaced by points corresponding to some
fungi, proteins and bacterial spores.

Bacterial spores were grouped out of confidence ellipse for veg-
etative bacteria, the reason of such classification is presence of DPA
(dipicolinic acid) in their structure and the fact that some of spores
were technical ones, which contained different kinds of admix-
tures. That features influence fluorescence characteristics.

Surprisingly, single emission spectra provide qualitatively sim-
ilar information for discrimination process. Excitation wavelengths
280, 340 and 355 nm were selected to examine possibility of use
Fig. 2. EX-EM matrices of dry pollens: Bermuda grass pollen (BER), Bermuda grass
smut spores (BERs), Black walnut pollen (WAL), Seceale cereale pollen (SEC).



Fig. 3. PCA on whole EX-EM matrices. The fluorescence spectra were analyzed in a range of 250–400 nm for excitation and 260–550 nm for emission. The purpose of this
analysis was to distinguish pollens from the other bio-particle background. The emission characteristics differs among classes of compounds allowing their general
classification on PCA graph.

Fig. 4. PCA on spectra from 280 nm excitation. Excitation at 280 nm is characteristic for protein content in the sample. Since all examined particles were organic ones, the
discrimination at this wavelength surprisingly was characteristic one.
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Fig. 5. PCA on spectra from 340 nm excitation.

Fig. 6. PCA on spectra from 355 nm excitation.
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typical laser sources for discrimination of various bio-materials.
Laser excitation enables analysis on the level of single particle.

Fig. 4 shows PCA results of biological material excited with
280 nm. Pollens are well separated from other groups, but slight
overlapping occurs with bacterial spores. Among vegetative parti-
cles two fungi (CLH, PBC) showed wide emission characteristic for
250 nm excitation. Such result was not observed for any other sub-
stances. That is probable reason why CLH and PBC were classified



Fig. 7. PCA on spectra from 280 and 355 nm excitation.

Fig. 8. FTIR spectra of pollen samples: Black walnut (WAL) and S. cereale (SEC),
recorded using the KBr pellets (solid line), and DRIFT technique (dotted line).
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away from other fungi. Also BT spore differs dramatically from
other spores when examined with all excitation lines.

Excitation at 340 and 355 nm (Figs. 5 and 6, respectively) re-
veals that points representing pollens overlap partly those of
proteins.

Fig. 7 presents analysis of data including excitation at 280 and
355 nm. The results are very similar to that from analysis of whole
set of data (Fig. 3). It shows that two wavelengths excitation is suf-
ficient for discrimination of pollens from other bio-particles. This is
beneficial due to simplification of discrimination techniques.

The same samples of biological material were also examined
with FTIR technique. The method allows fast and reliable sample
analysis. Absorption spectrum of pollens is represented by peaks
that are characteristic for the bonds occurring in carbohydrates
(sugar and cell wall material), lipids and proteins [20]. Infrared
spectra of 15 different pollens and two smut spores were obtained
using both pellet technique and diffuse reflectance mode. (see Ta-
ble 1).

Spectra of pollens and smut spores obtained with DRIFT and
pellet techniques are compared in Fig. 8.

Four regions are revealed in the FTIR spectra. The first one be-
tween 4000 and 3000 cm�1 presents a broad band centered at
about 3415 cm�1 corresponding to the absorption due to stretch-
ing of –OH bands. The second region including two sharper peaks
at about 2925 and 2855 cm�1 are primarily out-of-phase CH2

stretching and in-phase CH3 stretching respectively [21,22]. The
third region between 1800 and 1500 cm�1 discloses C@O and the
C@C double bonds. The peak at about 1738 cm�1 corresponds to
the C@O stretching vibration of alkyl-esters [23,14]. The one
shown at about 1675 cm�1 arises from the amide I band of proteins
[23,24]. The peak between 1600 and 1640 cm�1 is a complex band
due to the absorption of water, C@C double bonds and the bending
COO- group [22,25,26]. The peak that is shown at 1520–1508 cm�1

is assigned to lignin [14]. This is also with agreement of our own
studies, when compared the spectra of lignin with aminoacids with
pollens. The fourth region between 1500–700 cm�1 is associated
with the skeletal vibrations of the components and it is character-
ized as the fingerprint region. This region play significant role in
differentiation of the peaks signals and therefore in the identifica-



Table 2
The most important chemical bonds observed using FT-IR.

Chemical bond Peak frequency
(cm�1)

COO� stretching; CH2, CH3 deformation 1445–1420
OH, COH, COO�, CH3 bending; CH2 wagging and twisting 1383–1357
C–C; C–O skeletal 1337–1308
C–OH skeletal; C–O–C of sugar ring 1107–1036
b-Glycosidic 920–883
a-Glycosidic 838–810
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tion process, however is difficult to interpretation. The sugars of
natural products absorb in this region. The most important chem-
ical bonds and the typical frequencies observed in this region are
listed in Table 2.

As shown in Fig. 8 the FTIR spectra recorded using the pellet
technique present higher spectral resolution than those of DRIFT
technique. In pellet technique IR radiation penetrates the samples
with little or no diffusion, while in DRIFT technique only reflected
part of the IR radiation provides information. An advantage of
DRIFT technique is rapidity and elimination of the sample pretreat-
ment. However, the KBr pellet technique results in spectra with a
finer profile especially in the fingerprint region. For the compara-
tive analysis spectra recorded in pellet techniques were used.
Authors compared all three techniques based on aminoacids and
proteins. As a result KBr and HATR turned to be superior to DRIFT
due to peak intensities and lack of their deformation. Some differ-
ences were also observed between pellet and HATR technique. The
changes have their source in solubility of materials. Non soluble
proteins, as collagen and fibrinogen, did not form the thin film
on ZnSe surface according to method requirements. In order to
eliminate the water influence on pollen structure and composition
Fig. 9. PCA on spectra from pollens recorded
(germination) the pellet technique was chosen for further analysis.
For other biological materials used in this study the HATR tech-
niques was used due to the cells fragility of fungi and bacteria.

Comparison of results of pollen analysis with two different
techniques is presented in PCA plot (Fig. 9). It acknowledges that
points representing pollens acquired with both techniques form
two separate groups. This proves that those two techniques are
not interchangeable, and all measurements should be made with
the method providing better results.

FTIR spectroscopy combined with PCA method appears to be a
valuable method for classification pollens from other biological
samples. Fig. 10 shows PCA results of pollens and different kinds
of biological material. Proteins, vegetative bacteria, spores and fun-
gi were measured using HATR technique and their spectra were
corrected using a function of ATR correction. This function makes
a spectrum collected with an HATR accessory similar to a transmit-
tance spectrum so one can compare these two types of spectrum.
Pollens, although spread over half graph area, can be easily distin-
guished among other bio-materials.

The results presented here lead to conclusion that FTIR tech-
nique allows rapid distinguishing of pollens from other biological
samples. However, it seems to be very difficult to distinguish be-
tween pollens of different species and also between pollens and
smut spores. Spectra of various species of pollens and smut spores
reveal general similarity.

Due to more information carried by numerous peaks in infrared
spectra, FTIR technique, when compared to fluorescence at excita-
tions 280 and 355 nm, results in slightly better discrimination.
However, no vital difference can be depicted (Figs. 7 and 10).

PCA was also performed on combined fluorescence (excitation
at 280 and 355 nm) and FTIR data. Nevertheless, the pollens still
formed separate, but widely spread group and we did not noticed
distinct classification improvement (data not shown).
using KBr pellet and DRIFT technique.



Fig. 10. PCA on FTIR spectra collected using HATR and KBr pellet technique in a range 4000–400 cm�1.
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Conclusion

Differentiation of the organic matter, with use of optical tech-
niques, has a wide implication in medicine, food safety or air pol-
lution. Application of the IR spectroscopy allows characterize
pollens as chemical individuals, with high accuracy and precision.
Depending on a measurement technique (HATR, KBr, DRIFT), prep-
aration of the sample for measurement differs in difficulty and
time of the preparation process. The data collection however is fast
for each technique. Fluorimetric techniques found their application
in photodynamic diagnosis, therapy (PDT, PDD) and caries diagno-
sis. Recent research are pointed towards analysis of biological
specimens as bacteria, fungi, viruses and other biological interfer-
ents present in ambient air or water. The sample pre-treatment is
not necessary, requires only dilution in a solvent, preferably in
non-fluorescent one, in other case subtraction of the background
is needed. The time of the measurement is longer than for FTIR,
and come to 20 min for full EX-EM map. Time of measurement
with single excitation line is comparable to FTIR.

The results in presented study show the possibility of applica-
tion optical methods, as FTIR and fluorimetry, in differentiation
of the plant pollens. Based on preformed experiments authors con-
cluded that fluorescence and FTIR techniques are suitable for clas-
sification of biological material. Surprisingly, both techniques
allow discrimination of pollens from other samples. For that rea-
son, spectroscopic techniques are promising on the way to classify
biological materials in allergen warning system. Such experiments
are important due to creation of fluorescence date base of biologi-
cal particles. Such characteristics will be used for on line systems
as library of such apparatus. The more spectra are collected, if
not discriminative potential, the better ratio false/positive can be
obtained. So far on-line air monitoring, based on fluorimetric mea-
surements with excitation lines at 266 and 355 nm, was performed
in laboratory conditions, but the results are promising and indicate
the possibility of discrimination [27,28]. Our early studies concern-
ing real-time measurements showed the possibility of biological
particle detection with 355 nm excitation line but so far without
identification. Increasing number of fluorescent signatures of
interferants improve performance of such experiments.

PCA analysis was applied as a supporting method in differentia-
tion of biological specimens with use of FTIR and fluorimetry. PCA
analysis revealed that FTIR technique results in slightly better
discrimination of pollens than fluorescence technique. However,
combination of FTIR and fluorescence data did not improve classifi-
cation of bio-particles. Out of applied excitation lines the most
promising was 280 nm, which allowed to separate pollens from
bacteria and fungi. Further analysis is carried out on combining
more than one excitation line for improvement of the discrimina-
tion results. Further investigation need a database covering wider
group of bio-particles and comparison with presented results.
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