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Degradation of pollen on nanofunctionalized
photocatalytic materials
Maria Sapiña,a Eva Jimenez-Relinque,a Roman Nevshupa,a Elisa Romanb

and Marta Castellotea*

Abstract

BACKGROUND: Photocatalytic degradation of pollen components on titanium dioxide nanofunctionalized materials was studied
for gymnosperm (Cupressus Arizonica) and angiosperm (Platanus Hybrida acerifolia).

RESULTS: Scanning electron microscopy revealed structural degradation of both exine and intine strata. Fourier-Transformed
Infrared Spectroscopy was applied to characterize chemical modification of the pollen grains subjected to photocatalysis. Study
of physical properties modification for the pollen extracts was carried out through spectrophotometry and wettability tests. It
was found that photocatalysis resulted in significant decrease of C–H and C–O groups and a moderate decrease in C=O. Also,
chromaticity values of the pollen extract after photocatalysis tended to approach those of the substrate. Contact angle of water
dispersion of the pollen extract was not altered by photocatalysis, but adherence of the components of the pollen extract to Si
substrate considerably decreased.

CONCLUSIONS: Taken together these results provided solid evidence for the degradation of all pollen components including
exine and intine enzymes on nanofunctionalized photocatalytic materials.
© 2016 Society of Chemical Industry

Keywords: photocatalysis; pollen allergen; Cupressus Arizonica; Platanus Hybrida; SEM; spectrophotometry; contact angle
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Cup. Cupressus Arizonica
Pla. Platanus Hybrida acerifolia
PAE pollen allergenic extracts
PhC photocatalyst
PG pollen grain

INTRODUCTION
Plant pollen present in the air can cause various allergic reactions
in humans, with symptoms ranging from nasal congestion, sneez-
ing, and eye irritation to respiratory distress, asthma episodes and
so on.1 – 3 In certain situations allergic reactions can aggravate
other pathologies and cause death. Sensitization to pollen aller-
gens of the population increases continuously, being already a
health problem of public concern.

Pollen is quite difficult to eliminate as the outer sporoderm
stratum – exine – is one of the most resistant structures in the
plant kingdom. Sporopollenin, the principal substance of exine,
supports the action of concentrated acids and bases as well as
heating up to 300∘C and is only altered by some oxidants and
certain microorganisms.4,5 Because of its extraordinary resistance
to non-oxidative decomposition the exact chemical structure and
composition of sporopolennin is not well studied yet.6 Sporopol-
lenin is a natural biopolymer with phenolic and aromatic groups
or conjugated side chains.7,8 Several researchers have shown that
the building blocks appear to be varied and complex, compris-
ing straight- and branched-aliphatic chains, some of which are

saturated, unsaturated, and polyhydroxylated, together with oxy-
genated aromatic moieties derived from the phenylpropanoid
metabolism.9 It may contain varying amounts of oxygen, in the
form of ketone, hydroxyl, carboxylic, ester and ether groups.10 By
using nuclear magnetic resonance (NMR) spectrometry Hemsley
et al.8 demonstrated that angiosperm pollen had a main unsatu-
rated carbon peak associated with aromatic components and a
small proportion of oxygenated carboxyl. It was also reported that
the precursors for angiosperm (Arabidopsis thaliana) sporopol-
lenin biosynthesis involve mainly fatty acids, fatty alcohols and
poly-hydroxyalkyl 2-pyrone monomers.6 In contrast, gymnosperm
pollens showed largely an olefinic rather than aromatic environ-
ment. Oxygenated aliphatic components derived from carbohy-
drates were present in small proportions together with a carboxyl
component.

The internal sporoderm stratum – intine – is much less chem-
ically resistant than exine and consists of a thin polysaccha-
ridic outer layer, a large and spongy polysaccharidic (mucilage)
middle layer and a cellulosic/callosic inner layer that protects a
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protoplast. It was highlighted that sporopollenin significantly dif-
fered in chemical composition from both fungal and marine crus-
tacean chitin as well as from cellulose and pectine that are the main
components of intine.8

In the last decade, photocatalysis has been postulated as a
promising solution to help in reducing contamination of the air
especially in urban agglomerations due to its ability to mineralise
airborne contaminants such as NOx, volatile organic compounds,
etc.11 – 15 Also it is widely used for material functionalization yield-
ing anti-bacterial, anti-fungal and self-cleaning properties.16 – 19

Recently, it has been demonstrated that photocatalytically func-
tionalized construction materials could reduce the number of
pollen grains both in aqueous solution and on photocatalytically
active mortars.20 In addition, it was confirmed that these mate-
rials are effective in deactivating the allergic enzymes of pollen
core extract for two species: Cupresus Arizonica (Cup.) and Platanus
acerifolia (Pla.).21 Photocatalytic technology has demonstrated its
applicability for cleaning and disinfecting indoor air, especially
for allergic persons.22,23 In addition it has significant technological
potential for reducing the levels of airborne pollutants in outdoor
applications.24 – 26

Furthermore, photocatalytic decomposition of polysaccharides,
amino acids and peptides of the pollen core was experimentally
demonstrated.14,27 However, bearing in mind that, dependent on
the environmental conditions, pollen grains can be found in dif-
ferent phases of their development including quiescence, rehy-
dration, germination, etc.,28,29 investigation into photocatalytic
decomposition of pollen requires a holistic approach involving
study of the pollen in different phases and implementation of var-
ious complementary techniques. In the present work, as a first
step, entire unhydrated pollen grains subjected to photocatalysis
using scanning electron microscopy (SEM) and Fourier-transform
infra-red (FTIR) spectrometry has been studied. Then, photocat-
alytic degradation of intine and protoplast that are released after
exine shedding is undertaken. The techniques employed in this
part of the study were spectrophotometry and use of the ses-
sile drop method. The pollen studied in this work were from two
species Cupressus Arizonica (Cup.) and Platanus Hybrida (acerifo-
lia) (Pla.) belonging to gymnosperm and angiosperm groups of
plants, respectively. In addition to the insight into the mechanisms
of photocatalytic degradation of pollen this study provides impor-
tant application-oriented information considering that according
to the Spanish Society of Allergology and Clinic Immunology
the annual counts of airborne Cup. and Pla. pollen in 2012 were
4.5× 103 and 1.4× 104 m−3, respectively, and considering that just
the surface area of Madrid is 6.06× 108 m2 with a paved surface
area of 2.2× 107 m2.

MATERIALS AND METHODS
Samples of entire pollen grains (PGs) of two well-defined species
have been used in this work. Some of the lots were collected in
April 2012 directly from trees situated at the botanic garden of
the Department of Plant Biology II of the Faculty of Pharmacy,
Complutense University of Madrid while others were purchased
from an accredited laboratory (Greerlab). In addition, commercially
available pollen allergenic extracts (PAE) of these two species were
also purchased from Greerlab laboratories. PAEs were obtained
in the form of cakes sealed in glass bottles under an inert atmo-
sphere. The cakes were mixed with 2.5 mL extra pure water (18 MΩ
cm) immediately before the experiments. In order to understand
the role of various processes in photocatalytic decomposition of

PGs four experiments were carried out with either entire pollen
grains or PAEs. In the first one (I) the pollen/PAE was not subjected
to any treatment and was used as reference. In the second one
(II), PGs/PAEs were UV irradiated on a photocatalytically inert sub-
strate. In the third one (III), PGs/PAEs were put onto a photocatalyst
that has not being irradiated. Finally, in the fourth experiment (IV)
PGs/PAEs placed onto a photocatalyst were UV irradiated. These
test configurations allow discriminating the effect of photolysis (II
vs. I), chemical reactivity of non-irradiated PhC (III vs. I) and photo-
catalysis (IV vs. III).

The infrared spectra of the pollen grains, both original and
subjected to photocatalysis, were measured using the KBr pellet
method. The pellets of original (untreated) pollen were prepared
by mixing 1 mg of pollen grains and 300 mg of fine milled KBr.
The mixture was then pressed at 8 tons load for 2 min under
vacuum. Photocatalytically treated pollen was obtained by UV
irradiation of a mixture of 50 mg of pollen grains with 125 mg
of photocatalyst powder. After this test pollen was not separated
from the photocatalyst. 3.5 mg of this mixture was used to prepare
KBr pellets in the same way as for original pollen.

For SEM analysis pollen grains suspended in water were put
onto either an inert Al substrate or a photocatalyst (PhC) charged
Al substrate. A 30 μL drop of a suspension was spread over
the substrate surface and immediately dried. The pollen grains
deposited onto an inert substrate were subjected to tests I and
II, while those deposited onto a PhC were used in tests III and IV.
Before SEM analysis, the processed samples were coated with a
thin Au film.

In all cases, the PhC used was TiO2 P25 AEROXIDE® provided by
Evonik.

Spectrophotometry and CIELAB colour space were used to deter-
mine colour changes of PAEs deposited onto either inert Al sup-
ports (test I and II) or PhC-charged supports (tests III and IV) as
a function of various treatments. CIELAB is a device-independent
method of colour representation in a three-dimensional colour
space corresponding to CIE tristimulus values that the human
eye can perceive. The three coordinates represent the lightness of
the colour (L*), its position between magenta and green (a*)
and its position between yellow and blue (b*) according to ISO
11664-4:2008 (CIE S 014-4/E:2007).30 – 32

UV irradiation was by LED lamp emitting at 365 nm. The irradi-
ance measured at the samples was 10 W m−2 and the photon flux
was 30.5 μmol m−2 s−1). Duration of each experiment was 24 h. The
experiments were conducted at ambient temperature and air pres-
sure and the relative air humidity was in the range 30–40%.

Change of the wettability was studied using a sessile drop
method (SDM).33 This method can serve as an indicator of the
modification of the surface free energy of the PAE solution and
its adherence to the substrate. For this purpose a contact angle
between a 0.5 μL drop of the PAE solutions and a clean polished
monocrystalline silicon surface with a natural hydroxylated oxide
layer was measured using a standard procedure.34,35 The PAE
solutions were treated with the PhC in suspension and were used
for the SDM after filtering the PhC out.

RESULTS AND DISCUSSION
PGs photocatalytic degradation
SEM images of unhydrated Cup. PGs subjected to various treat-
ments are shown in Fig. 1. SEM samples were prepared with a drop
of 30 μL of a suspension of PGs in water spread over a bare Al sup-
port and dried. For tests with treatment, a photocatalytic layer was

wileyonlinelibrary.com/jctb © 2016 Society of Chemical Industry J Chem Technol Biotechnol (2016)
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(a)

(b)

(c)

(d)

Figure 1. Scanning electron microscope images of Cupressus Arizonica
pollen under various treatments: (a) without treatment; (b) after UV irradi-
ation; (c) after contact with non-activated photocatalyst (without UV irra-
diation); (c) after photocatalysis. Ex – exine, In – intine.

first deposited on an Al sample. Once dry, a drop of 30 μL of a
suspension of PGs in water was spread over the PhC-charged Al
sample holder and also dried.

Figure 2. Scanning electron microscope image of hydrated pollen grains
for Cup. Exine strata broken by a linear split in the form of two valves can
be observed (bright). Darker circles are swollen intine.

Table 1. Test configurations

Designation I II III IV

Configuration PAE PAE+UV PAE/PhC PAE/PhC+UV

Exposure to UV light of PGs on an inert support (Fig. 1(b)) as well
as contacting of PGs with non-irradiated photocatalyst (Fig. 1(c)),
had no significant effect on the PGs, which maintained their origi-
nal shape (Fig. 1(a)). Although after UV irradiation some scaling of
the exine could be observed, generally both integrity and surface
texture of exine didn’t change. In contrast, the PGs subjected to
photocatalysis were damaged (Fig. 1(d)). Many grains were consid-
erably decomposed. For the remaining grains large parts of exine
were peeled off, while the remaining exine scales had rough and
irregular surfaces covered with cracks. Furthermore, some degra-
dation of the underlying intine that got cracked in various zones
could also be observed.

When the PGs are moistened or remain in humid air, exine
breaks by a linear split that divides it in two halves, while intine,
mainly its middle layer having the strong mucilaginous nature,
absorbs water and swells.29 Figure 2 shows PGs moistened for 24 h
in a separate experiment. The effect of photocatalysis on pollen
core decomposition is discussed in the section ‘Photocatalytic
degradation of pollen core’.

Descomposition of PGs can be inferred also from a comparative
analysis of FTIR spectra for untreated PGs and PGs subjected to
photocatalysis that are shown in Fig. 3. FTIR spectra of untreated
Cup. and Pla. PGs involve symmetric and asymmetric stretching
bands of hydroxyl, alkyls and alkenyls (Fig. 3(a) and (c)) associated
with hydroxyalkyl chains, methoxy and ketone groups, as well as
with ether and esther linkage between the monomers.5 For Cup.
alkyl bands had much higher intensities compared with hydroxyl
ones. For Pla. hydroxyl bands dominated. In the spectral region
from 900 to 1900 cm−1 (Fig. 3(b) and (d)) various bands corre-
sponding to C–H, C–O, C=C and C=C vibrations were found.
Tentative assignment of the peaks is given in Table 2. The spec-
trum of Cup. was moderately similar to that of Pla. but differed
in the relative contributions of C=O and C–O/C–H bands. These
features could conceivably be attributed to the different chemi-
cal compositions of angiosperm and gymnosperm sporopollenin,8

J Chem Technol Biotechnol (2016) © 2016 Society of Chemical Industry wileyonlinelibrary.com/jctb
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(a) (b)

(c) (d)

Figure 3. FTIR spectra of pollen grains: (a), (b) Cup. at different wavelenths; (c), (d) Pla. at different wavelenths. Curves I and IV correspond to the untreated
PGst and PGst subjected to photocatalysis, respectively.

more specifically, to the larger proportion of aromatic groups in
angiosperm Pla. Evidence for this comes from the higher intensity
of a wide band at 3100 cm−1 corresponding to stretching vibra-
tion of C–H in aromatics and a wide band in the range 1650–1500
cm−1 associated with C=C stretching of phenolic compounds,36

C=O in ketones and carboxylic acids,37 amide II of proteins,38 etc.
in the Pla. spectrum. Bearing in mind that the aromatic component
of exine is mainly associated with poly-hydroxyalkyl substituted
2-pyrone6 having one ketone functional group, the larger propor-
tion of aromatic component is related to the larger contribution
from C=O band.39 The peak at 1744 cm−1 can be assigned to the
C=O stretching vibration of alkyl esther linkage of monomers in
a biopolyesther network. The peak had approximately the same
intensity for both pollens (Pla. and Cup.) although in Pla. the peak is
less resolved from the adjacent C component (Fig. 1(b) and (d)). In
turn, the larger proportion of C–O in gymnosperm sporopollenin
could be associated with hydroxyalkyl chains, and, probably, with
methoxy groups of guaiacyl and syringyl units40 since some fea-
tures typical of lignin could be identified in the pollen spectra.41

The wide peak in the region 1200–1000 cm−1 had also a certain
similarity with the spectra of heteropolysaccharides such as galac-
toglucomannan and arabinogalactorhamnoglycan42 that can be
associated with intine components.

The spectra of the PGs subjected to photocatalysis (red plots in
Fig. 3) showed drastic reduction in the intensities of C=O and
C–H bands for both species. Especially dramatic was decrease
of C–O bands. For Pla. C–H and C–O bands almost completely
vanished. This decrease in intensity may be due to bond breakage
with the elimination of carbon monoxide/carbon dioxide. The
remaining bands corresponded to stretching and deformation
vibrations of hydroxyl group and C=O/C=C stretching vibrations.
This may indicate that either polyhydroxyalkyl chains are more

Table 2. Tentative assignment of the peaks in FTIR spectra

Peak Wavenumber Assignment Reference

A 1744 𝜈s (C=O) alkyl esther 41

B 1710 𝜈s (C=O) carboxyl, ketone 5,37

C 1650–1660 Complex band due to H2O
absorption, 𝜈(C=C) and
𝛿(COO−), 𝜈(C=O) ketone
conjugated with 2 phenyl,
amide I

1,36–38

D 1560 𝛿(C=C) aromatic, 𝜈(C=C)
alkenyl, amide II protein

36–38

E 1520 𝜈(C=C) aromatic (lignin) 43

F 1460 𝛿(C=C), 𝛿(CH3, sp2 CH2) 43,44

G 1418 𝛿(COO−) 38

H 1383 𝛿(CH), 𝛿(OH) in plane 7

J 1348 𝜔(CH) 42,45

K 1312 𝛿(CH), 𝛿(OH), amide III 45

L 1267 𝜈(C-O) alkyl-aryl, guaiacyl unit,
aliphatic ether, amide III

38,43

M 1211–1219 𝜈(C-O) phenyl, vynil-alkyl esther,
𝜈(C=O) alkyl-aryl

43

N 1167 𝜈(C-O) esther 45

O 1100–1123 𝛿(CH) aromatic, guaiacyl 43

P 1073 𝜈(C-O) arom., 𝜈(C-C) 36

Q 1050 𝜈(C-O) alkyl-aryl 46

prone for photocatalytic decomposition or partial aromatization
of alkyl chains could happen. Vanishing of the peak in the region
1200–1000 cm−1 also implies considerable degradation of the
exposed intine. These results are in line with literature data.5
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Figure 4. Variation of chromacity coordinates of the sample of PAEs for
Cup. and Pla. after various tests. L* is represented by the size of the circles.
Synthesized colours corresponding to given chromacity coordinates are
shown in squares. Bare PhC is shown by black circle.

These findings are consistent with X-ray photoelectron spec-
troscopy (XPS) study of chemical changes in the pollen core com-
ponents subjected to photocatalysis.21 The decrease in both C and
N in PAE was associated with the loss of organic matter including
polysaccharides and proteins during photocatalysis.

Photocatalytic degradation of pollen core
Spectrophotometry analysis
Variation of chromacity coordinates of PAEs in various tests is
shown in Fig. 4. Chromacity coordinates of bare PhC are also shown
by a black circle. The size of the circles represents the L* coordi-
nate. For PAEs deposited on inert substrates UV irradiation (I→ II)
had no significant effect on Pla., while it resulted in decrease of b*
for Cup. When the PAEs were put on PhC-charged substrates UV
irradiation led to decrease in a* for both species (III→ IV). Varia-
tion of chromacity coordinates was towards bare PhC that gives
further evidence for PAEs degradation and possible reduction of
the amount of organics during photocatalysis. In all cases varia-
tion in L* was statistically insignificant with mean value 79.5 and
standard error 0.95. Synthesized colours corresponding to various
coordinates are shown in squares in Fig. 4. These results contrasted
with the available literature data on thermal degradation of
pollen.5,46,47 Under thermal degradation the colour changed in the
following sequence: pale yellow – orange – brown – black that
corresponded to not straightforward variations of a* and b*, while
L* gradually decreased from 92 to 32. This chromatic evolution
was related with the following chemical transformations: loss of
oxygen containing functional groups and increase in the rela-
tive proportion of alkyl and alkenyl groups (yellow to orange);
loss of aliphatic chains and formation of isolated aromatic rings
(orange to brown); formation of multi-ring aromatic units (brown
to black).5 In our study, colour of the PAEs changed to whiter or
bluish (Fig. 5), while FTIR revealed loss of aliphatic and aromatic
groups as well as singly bound oxygen.

Sessile drop method
The contact angles (CA) for the PAE solutions treated under various
test configurations ranged between 53.9∘ and 57.7∘, very close to
the CA of distilled water 57.4∘. Variation in CA between the PAE

Figure 5. Images of PAEs on PhC-charged supports before (III) and after UV
irradiation (IV).

(a)

(b)

Figure 6. (a) Images of drops of Pla. PAE after treatments under test
configurations II, III, and IV. In cases III and IV the PhC was filtered out before
the measurement; (b) images of deposits formed on the surface from the
same drops as in (a) after shaking the substrate.

after various tests was statistically insignificant at a significance
level 𝛼 = 0.05. Therefore, it could be concluded that treatment of
PAE with both UV light and PhC had no significant influence on the
surface energy. However, considerable variation in the drop adher-
ence to the substrate was observed for treated and untreated
PAE water mixtures. The untreated PAE as well as PAEs treated
under test configurations II and III contained hydrated polysaccha-
rides and proteins that adsorbed on the substrate surface through
hydrogen bonding.48,49 Therefore, the drop could not be removed
by shaking the substrate. However, after photocatalysis a drop
could be easily removed by shaking (Fig. 6). This indicates that
photocatalysis led to significant degradation of polymeric organics
components and reduction of adherence of pollen components to
the substrate.

Possible degradation mechanisms
Chemical and structural complexity of the pollen grains makes
identifying the mechanisms of their photocatalytic degradation
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quite a difficult task. Nevertheless, some conclusions on these
mechanisms can be drawn from the present work. The experi-
mental results suggested that the total quantity of organic matter
decreased during photocatalysis. Most likely the decomposition
products were volatile CO2 and NH3 rather than salts or low
molecular weight organic molecules as can be inferred from the
infrared spectra and spectrophotometry. These findings are in
line with our previous work where mineral decomposition prod-
ucts of PAEs could not be identified by X-ray photoelectron
spectrometry.21 Thus, considering that adsorbed and absorbed
water were undoubtedly present on the surface and in the bulk
of the organic specimens during UV irradiation as also demon-
strated by FTIR spectra, the most plausible mechanisms have to be
related with formation of hydroxyl and superoxide ions.50 It could
be expected that the photocatalytic decomposition reactions pro-
posed for some amino acids, peptides and carbohydrides can also
be valid for the components of pollen grains.15,27

CONCLUSIONS
The effect of photocatalysis on degradation of pollen compo-
nents including exine, intine, allergenic proteins, protoplast,
etc. on nanofunctionalized photocatalytic materials was studied
for gymnosperm and angiosperm species: Cupressus Arizonica
and Platanus Hybrida (acerifolia), respectively. Scanning electron
microscopy revealed insignificant structural degradation of exine
under UV light irradiation and in contact with non-irradiated
photocatalyst. However, severe degradation of both exine and
intine strata was observed after photocatalytic treatment. Chem-
ical modification of the pollen grains subjected to photocatalysis
was studied using Fourier-transformed infrared spectroscopy. It
showed drastic decrease in intensity of the bands corresponding
to C–O and C–H vibrations and a moderate decrease of O–H
and C=O. The degradation behaviour was quite similar for both
species. Physical properties of PAEs also significantly change as a
result of photocatalytic treatment. Chromacity values of PAEs after
photocatalysis tended to approach those of bare photocatalyst.
Contact angle of the dispersion of PAE in water was not altered by
photocatalysis, but adherence of the components of the pollen
extract to Si substrate considerably decreased. Taken together
these results provided solid evidence for the degradation of
all pollen components including exine and intine enzymes on
nanofunctionalized photocatalytic materials.
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