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a b s t r a c t

The main anatomical features of Tibouchina granulosa (Desr.) Cong. (Melastomataceae) have been inves-
tigated in order to assess the potential of the species as a possible biomonitor of air pollution in the state
of São Paulo, Brazil. Various types of trichomes located on the adaxial and abaxial surfaces of the leaves
of this ornamental tree were able to adsorb particulate matter (PM) within the size range 2.5–100 �m.
Following dry or wet deposition, the particles remained adsorbed to the leaves and did not return to the
environment under normal weather conditions. The numbers of particles adsorbed per unit area of leaf
differed significantly depending on the location at which the samples were collected. Leaves from a rela-
tively unpolluted site located in a remnant of the Atlantic Forest within the city of São Paulo showed the
tomatal index
richomes
articulate matter
canning electron microscopy–energy
epressive X-ray spectroscopy ;

lowest particle density, while samples collected in the city centers of São Paulo and Cubatão presented
the highest numbers of particles with aerodynamic sizes <2.5 and 2.5–10 �m. It is concluded that T. gran-
ulosa may be employed as a passive biomonitor, thereby offering a valuable alternative for monitoring
air pollution and spatial–temporal evaluation of PM composition. Additionally, landscape cultivation of
T. granulosa in inner-city areas may help to improve the quality of air by reducing the concentration of
harmful PM2.5 and PM10.
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. Introduction

Air pollution represents a serious threat to the health and qual-
ty of life of urban populations in general (Fontenele et al., 2009;
ucur et al., 2010; Tao et al., 2012), and to children and individuals
ith lung or heart diseases in particular. Moreover, in the most vul-
erable section of the population, high levels of air pollution can
ive rise to a reduction in life expectancy of more than one year
World Health Organization, 2011).

The particulate matter (PM) present in polluted air results pri-
arily from anthropogenic activities and consists of a mixture
f metals, carbon black from burning fuels, aromatic polycyclic
ydrocarbons and other substances suspended in the atmosphere
Ignotti et al., 2010; Kardel et al., 2011; Saebo et al., 2012). PMs are
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ategorized according to their aerodynamic diameters, and are
sually denoted as PM2.5, PM10 (with diameters <2.5 and 10 �m,
espectively) (Fierro, 2000; Ignotti et al., 2010). Particles classified
s PM2.5 are the most harmful because they can reach the inner
arts of the lungs (bronchioles) and interfere with oxygen exchange
World Health Organization, 2011).

Atmospheric pollutants can be sedimented by wet deposi-
ion (precipitation), which does not depend on soil cover, or by
ry deposition involving gravitational sedimentation, compaction,

nterception and diffusion depending on the size of the particles
McDonald et al., 2007). Thus, the presence of plants that are able
o retain sedimented PMs and to resist the stress associated with
ir pollution can assist in the improvement of air quality in urban
nd suburban areas (Alves et al., 2008; Markert, 2007; Moraes et al.,
000; Saebo et al., 2012; Zampieri et al., 2012).
Networks designed to monitor air pollution in urban areas
enerally comprise a limited number of stations since the costs
nvolved in the purchase of equipment and subsequent mainte-
ance are high. Thus, air quality and PM concentration cannot
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Table 1
Geographical locations of sampling sites and dimensions of Tibouchina granulosa (Ders.) Cong. (Melastomataceae) trees used as potential biomarkers of pollution at different
locations in São Paulo State, Brazil.

Site Address Characteristics
region

Geographical
coordinates

Diameter at breast
height (cm)

Diameter at base
(cm)

Height (m) Diameter of
canopy (m)

IBT Miguel Stéfano Av.
2535, São Paulo
City

Urban area of
environmental
protection and
conservation; with
Atlantic rainforest

23◦38′30.30′′ S;
46◦37′20.61′′ W

80 97 4.3 2.8

DPA Darcy Penteado
Square, São Paulo
City

Urban area near
cultural centers,
restaurants and
governmental
offices

23◦32′44.57′′ S;
46◦38′41.05′′ W

75 98 5.3 2.3

PRA Ramos de Azevedo
Square, São Paulo
City

Same as DPA plus
an intense
commercial
activity of precious
metals

23◦32′44.24′′ S;
46◦38′15.22′′ W

15 Not determined 3.5 4.0

JAB Jabaquara Av. 1632,
São Paulo City

Urban residential
area, with intense
commerce and
public
transportation (bus
and subway). Circa
2.3 km from
Congonhas Airport

23◦37′08.57′′ S;
46◦38′22.18′′ W

33 61 4.5 4.0

IPE Lineu Prestes Av.
2242, São Paulo
City

Urban region
located in the
campus of São
Paulo State
University, with
areas of native
forest

23◦37′08.57′′ S;
46◦38′22.18′′ W

19 55 2.2 4.2

ISE Itapecerica da Serra
Av. 62, São Paulo
City

Urban region near
the Guarapiranga
reservoir (5.8 km)
and Billings
(3.7 km), with
green areas and
industries
(galvanization
industries for
example)

23◦40′00.07′′ S;
46◦39′27.55′′ W

98 24 3.5 2.5

APA Paulista Av. 960,
São Paulo City

Urban region
located in the
largest business
center in Latin
America

23◦33′55.04′′ S;
46◦39′05.91′′ W

25 45 3.5 3.0

SCB Washington Luiz
Highway (SP310)
Km 235 São Carlos
City, State of São
Paulo

Rural region of the
São Paulo State,
inside a large area
of green forest,
next to the São
Carlos Federal
University (UFSCar)

21◦59′00.32′′ S;
47◦52′58.46′′ W

84 79 7.5 5.5

SCS Washington Luiz
Highway (SP310)
Km 235 São Carlos
City, State of São
Paulo

Rural region of the
São Paulo State, on
the border of a
large area of green
forest, next to the
São Carlos Federal
University (UFSCar)

21◦58′57.59′′ S;
47◦53′05.27′′ W

120 95 4.0 3.0

CUB 9 de Abril Av. 1910,
Cubatão City, State
of São Paulo

Industrial area
with refineries and
industries of
fertilizers, located
between two major
highways
(Anchieta Highway
and Prof. Abraham
de Morais
Highway) and an
access to the Port
of Santos

23◦53′12.30′′ S;
46◦25′12.27′′ W

25 20 1.5 2.0
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ig. 1. Transversal section of leaf in Tibouchina granulosa (Ders.) Cong. (Melastom
ranched trichomes in abaxial surface (C and D), dorsiventral mesophyll (E), and st

ormally be monitored with high spatial resolution (Kardel et al.,
011). Furthermore, conventional monitoring networks evalu-
te the concentrations of pollutants at a specific time but do
ot provide information regarding the integrated effects over a
rotracted period (Alves et al., 2008; Kardel et al., 2011). Since pol-

utants affect the survival of plants to a greater or lesser extent,
uch research effort has focused on the development of monitor-

ng systems using plants as pollution biomarkers. Such systems can
rovide high spatial resolution because plants are relatively inex-
ensive and easy to cultivate (Alves et al., 2008; Kardel et al., 2011;
arkert, 2007; Saebo et al., 2012).
The hypothesis tested in the present study is that Tibou-

hina granulosa (Desr.) Cong. (Melastomataceae), a semideciduous
erennial tree originating from the Brazilian Atlantic Forest and
ommonly cultivated as an ornamental along streets in various
ities in the state of São Paulo (Brazil), can be used as a biomonitor
or PMs. Hence, the objectives were (i) to characterize the leaves
f T. granulosa, and (ii) to analyze the accumulation of PMs on
ature leaves collected from specimens of T. granulosa distributed

n different urban areas within the São Paulo State.

. Materials and methods
.1. Sites of study

The state of São Paulo is the most populated of the Brazilian fed-
ration and comprises 41 million inhabitants (Instituto Brasileiro

d
t
p
(

ae): midrib region (A), appressed scabrous trichomes in the adaxial surface (B),
on the adaxial surface (F). Bar = 100 �m.

e Geografia e Estatística, 2010). The climate is tropical-Atlantic
n the central region and tropical-altitude in the mountainous
egion of the Serra da Mantiqueira and Serra do Mar. The aver-
ge annual temperature ranges from 20 to 22 ◦C. Most parts of
he State exhibit well defined humid and dry seasons, except
or the coastal region of the Serra do Mar where the dry sea-
on is very short. The flora is characterized by mangroves in
he Atlantic coast, preserved parts of Atlantic forest in the Serra
o Mar, and tropical forest in the remaining parts of the ter-
itory (Biblioteca Virtual do Governo do Estado de São Paulo,
013).

The study sites comprised industrial districts, urban areas
including densely populated city centers), green suburban areas
leisure parks) and rural areas (natural reserves, pasture and
gricultural land). The exact locations of the sites and the char-
cteristics of the T. granulosa trees studied in the present work are
hown in Table 1.

.2. Residence time of leaves

In order to determine the length of time that the leaves
emained on the branches, three trees were selected in the location

efined as IPE (Table 1) and ten branches at the apical region of each
ree were tagged. Residence times were estimated for new leaves
roduced during a 12 month period categorized as distal leaves
those located in the more apical regions of the tagged branches)
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ig. 2. Scanning electron micrographs of leaves of Tibouchina granulosa (Ders.) Cong
n the adaxial surface (A–C) and on the abaxial surface (D–F). Bar = 100 �m.

nd proximal leaves (those located in the more basal regions of the
agged branches).

.3. Sampling of leaves

Three samplings per tree were performed from June 2011 to
eptember 2012. The dimensions of the tree were established, and
ranches (up to 25 cm in length) located in the most exposed part
f the canopy at the point closest to the roadway and between 2
nd 4 m above ground level (to avoid soil contamination) were cut
sing pruning shears. Branches and leaves were transferred to kraft
aper bags and stored in polystyrene boxes in order to maintain the
emperature and humidity of the specimens. Leaves from the fourth
nd fifth nodes were selected for the subsequent analyses. Samples
ollected at location IBT (Table 1) were employed as controls for dry
eposition, since this site was situated in a remnant of the Atlantic
orest and was subjected to the lowest level of air pollution of all
tudy sites.

.4. Morphoanatomic evaluation of leaves
At each site, three leaves were collected from three differ-
nt specimens and their lengths and widths at the midline were
etermined with the help of a digital pachymeter (Mitutoyo,
urora, IL, USA). Morphometric analyses were performed using leaf

s
a
u
n

astomataceae) collected from site JAB in São Paulo city showing particulate matter

amples that had been fixed in FAA (formalin–glacial acetic
cid–50% alcohol, 5:5:90) for 48 h and stored in 70% ethanol
Johansen, 1940). Leaves were treated according to the technique
escribed by Strittmatter (1973), the epidermal layers were dis-
ociated and the abaxial and adaxial surfaces separated, stained
n safranin 1% and astra blue 1% (9:1; Kraus et al., 1998) and
ubsequently embedded in glycerin 50% (Johansen, 1940). The
umbers of trichomes, stomata and epidermal cells, were analyzed
sing a Zeiss Standard 25 light microscope (Carl Zeiss, Oberkochen,
ermany) and Zeiss KS100 software (version 3.0) from 10 mm2 of
urface area apical, median and basal region.

Detailed anatomical analyses of apical, median and basal por-
ions of the leaves were performed on transverse sections that been
tained with safranin 1% for 20 min, rinsed with ethanol 50% and
ubsequently stained with astra blue 1% for 20 min. Sections were
xamined under a Leica DM-LB photomicroscope (Leica Microsys-
ems, Wetzlar, Germany) and the images digitalized using Leitz
M 50 software. For scanning electron microscopic studies, apical,

edian and basal portions of the leaves were fixed, dehydrated at
0 ◦C for 20 days in oven model 320F (Fanem, São Paulo, Brazil),
ritical point dried with liquid carbon dioxide (Balzers, Liechten-

tein, Germany) model CPD-030 Drier, mounted on a specimen stub
nd coated with gold (Silveira, 1989). Digital images were acquired
sing a Hitachi Tabletop microscope model TM-3000 (High Tech-
ologies America, Schaumburg, IL, USA). The results were subjected
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Fig. 3. Scanning electron micrographs of leaves of Tibouchina granulosa (Ders.) Cong. (Melastomataceae) collected from site IBT (dry deposition control) in São Paulo city
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howing particulate matter adsorbed at the apical, median and basal regions of the ad
ar = 100 �m.

o ANOVA (F-test) followed by the Tukey test to check for significant
ifferences between means (P < 0.05).

.5. Analysis of particles adsorbed onto leaves

Scanning electron microscopy coupled with energy dispersive
-ray spectroscopy (SEM–EDS) provides qualitative and quantita-

ive information concerning the elements present on the surface
f a sample, and was applied in the present study to deter-
ine the distribution of particulate matter adsorbed onto leaves.

amples (two leaves) from each site were dehydrated at 60 ◦C
uring 8 days in a oven and divided into apical, median and
asal portions. For each of the portions, two areas (1 cm × 1 cm)
f the adaxial and abaxial surfaces were mounted individually
nto specimen stubs and held by double-sided conductive carbon
ape. Digital images (600× magnification) were acquired using a
itachi Tabletop microscope model TM-3000 (High Technologies
merica, Schaumburg, IL, USA) equipped with a Bulker Quantax
0 X-ray (Billerica, MA, USA) microanalysis system, and parti-
les on the surfaces of the leaves were automatically counted

ith the help of ImageJ software version 1.44p with Java 1.6.0

Ottelé et al., 2010). Finally, the particles were measured and
lassified according to size (<2.5, 2.5–10, 10–50, 50–100 and
100 �m).

a
t
o
b

surface (A, B and C, respectively) and of the abaxial surface (D, E and F, respectively).

. Results

.1. Time of abscission of leaves

Detailed observations of new leaves formed on tagged branches
ocated near to the apex of T. granulosa trees growing at the
PE site revealed that those in the more apical regions (distal
eaves) presented a residence time of 20–24 weeks, while for the
roximal leaves (those in the more basal regions) the residence
ime varied between 14 and 16 weeks. Additionally, one inter-
ode, from which the lateral leaf buds protruded, developed each
onth.

.2. Morphoanatomic aspects of leaves

T. granulosa presented simple opposite-decussate phyllotaxis
nd the leaves were leathery with grooved adaxial and con-
ex abaxial surfaces. The venation pattern of the leaf blade
as of the palmate-parallel type (Fig. 1A) and the leaf surfaces
ere smooth and hairy. On the adaxial surfaces, glandular and
ppressed scabrous trichomes (Fig. 1B) were present, while on
he abaxial surfaces, glandular and strigose trichomes could be
bserved together with trichomes that were branched at the
ase (Fig. 1C and D). As displayed in Fig. 1E, both surfaces of
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ig. 4. Scanning electron micrographs of leaves of Tibouchina granulosa (Ders.) Cong
dsorbed at the apical, median and basal regions of the adaxial surface (A, B and C,

he leaf were coated with a thin cuticle. The numbers of sto-
ata and branched trichomes per mm2 on the apical, median and

asal portions of the epidermis of the abaxial leaf surface dif-
ered significantly (Table 2). However, there were no significant
ifferences between the densities of stomata present on the api-
al and median portions of leaves collected from trees located
t different sites in São Paulo city, but the differences in stoma-
al indices between samples from trees located in São Carlos city
nd those located in São Paulo city were statistically significant
Table 2).

The leaves of T. granulosa were hypostomatic, but stomata were
lso assembled on the adaxial surface under the appressed scabrous
richomes all along the foliar margin (Fig. 1F). In the midrib region,
he vascular system displayed the form of an open arch (Fig. 1
). The epidermis on the abaxial and adaxial surfaces was single-

ayered, while the hypodermis comprised three layers (Fig. 1E)
ontaining sclerenchyma cells and idioblasts with druse type crys-
als. The dorsiventral mesophyll presented a unisseriate palisade
arenchyma.

The SEM images showed that particulate material was dis-
ributed over the epidermis of both the abaxial and adaxial
urfaces of the leaves. On the adaxial surface, PM was concen-
rated in the vicinity of the appressed scabrous and glandular

richomes (Fig. 2A–C), while on the abaxial surface, the particles
ere not only adsorbed onto the strigose and branched trichomes

Fig. 2D–F) but were also dispersed in the spaces between the
richomes.

a
m
l

lastomataceae) collected from site IPE in São Paulo city showing particulate matter
tively) and of the abaxial surface (D, E and F, respectively). Bar = 100 �m.

.3. Densities of particles on leaf surfaces

Detailed analysis of the SEM images revealed that PM was dis-
ributed abundantly on the adaxial and abaxial surfaces of the leaf
lades of samples collected from the different sites (Figs. 3–8).
mages of the apical, median and basal portions of the adaxial
Fig. 3A–C) and abaxial (Fig. 3D–F) surfaces of leaf blades of samples
ollected from the IBT site were taken as controls for dry deposition.

Tables 3–5 present the numbers of particles of various sizes
>2.5 to >100 �m) per 0.1 mm2 of adaxial and abaxial surfaces of T.
ranulosa leaves collected at sites IBT, IPE, JAB, PRA, APA, SCB and
UB. Samples from sites APA and CUB presented the highest densi-
ies of PM2.5, while the adaxial surfaces presented 4.5 times more
articles than the abaxial surfaces. The total numbers of PM per
.1 mm2 present on the adaxial and abaxial surfaces of T. granulosa

eaves collected from these sites are shown in Figs. 9 and 10.
SEM-EDS analysis indicated that Al, Au, Ba, Ca, Cr, Cu, Fe, Mg, Mn,

b, Si and Ti were present in the dry deposition of the T. granulosa
eaf samples for all sites. The element Au was found only in PRA
ite (Fig. 11).

. Discussion
The pattern of development and growth of leaves represents
n important trait that must be considered in the evaluation and
anagement of a species as a spatial and regional biomarker of pol-

ution. The residence time of the leaves on the branches depends
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Fig. 5. Scanning electron micrographs of leaves of Tibouchina granulosa (Ders.) Cong. (Melastomataceae) collected from site PRA in São Paulo city showing particulate matter
adsorbed at the apical, median and basal regions of the adaxial surface (A, B and C, respectively) and of the abaxial surface (D, E and F, respectively). Bar = 100 �m.

Table 2
Mean density (±standard deviation) of anatomical structures present in the epidermis of leaf samples from Tibouchina granulosa (Ders.) Cong. (Melastomataceae) collected
at different sites in São Paulo State, Brazil.

Leaf surface Sitea Leaf portions

Apical Median Basal Apical Median Basal

Number of glandular trichomes per 1 mm2 Number of appressed scabrous trichomes per 1 mm2

Adaxial IBT 5 ± 1A 5 ± 1A 5 ± 1A 2 ± 1A 2 ± 1A 2 ± 1A

DPA 5 ± 1A 5 ± 1A 5 ± 1A 3 ± 1A 3 ± 1A 3 ± 1A

PRA 3 ± 1BC 4 ± 1A 4 ± 1AB 2 ± 1BC 2 ± 1ABC 2 ± 1AB

JAB 2 ± 1C 3 ± 1A 3 ± 1B 2 ± 1C 1 ± 0.5CD 2 ± 1B

ISE 4 ± 1AB 4 ± 1A 5 ± 1A 3 ± 1AB 2 ± 1AB 2 ± 1A

SCB 3 ± 1BC 4 ± 1A 3 ± 1B 2 ± 1BC 2 ± 1BC 2 ± 1B

SCS 5 ± 2A 3 ± 1A 4 ± 2AB 3 ± 1A 2 ± 1AB 2 ± 1AB

Leaf surface Sitea Leaf portions

Apical Median Basal Apical Median Basal

Number of stomata per 1 mm2 Number of branched trichomes per 1 mm2

Abaxial IBT 167 ± 26ab 191 ± 57ab 156 ± 27a 20 ± 12c 20 ± 15c 18 ± 10c

DPA 137 ± 21b 190 ± 53ab 147 ± 26ab 25 ± 9bc 27 ± 3bc 27 ± 4ab

PRA 170 ± 14ab 156 ± 26bc 148 ± 23ab 25 ± 3bc 27 ± 3bc 28 ± 3a

JAB 162 ± 53ab 169 ± 55b 169 ± 55a 33 ± 11ab 34 ± 12ab 32 ± 12a

ISE 184 ± 6a 220 ± 39a 126 ± 24bc 40 ± 6a 40 ± 5a 27 ± 4a

SCB 101 ± 28c 111 ± 22d 114 ± 23c 23 ± 8c 24 ± 3c 18 ± 8c

SCS 102 ± 13c 130 ± 34cd 112 ± 17c 31 ± 1b 33 ± 7ab 21 ± 3bc

Dissimilar superscript uppercase (adaxial surface) and lowercase (abaxial surface) letters indicate significant differences between study sites (LSD Student’s t-test; P < 0.05).
a For key to site location see Table 1.
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ig. 6. Scanning electron micrographs of leaves of Tibouchina granulosa (Ders.) Cong
dsorbed at the apical, median and basal regions of the adaxial surface (A, B and C,

n various environmental factors including climate, soil condi-
ions and nutrient availability (França et al., 2008). In the case of
. granulosa, the leaves remained on the branches for up 24 weeks.
oreover, leaves of the IPE samples presented the expected growth

attern in relation to the availability of water and minerals in the
oil (Malavolta, 1974).

The most relevant anatomical characteristic of the leaves of T.
ranulosa was the variety of trichomes present, with appressed

cabrous and glandular types on the adaxial surface, and branched,
landular and strigose trichomes on the abaxial surface. Such
orphological diversity of trichomes has been described pre-

iously (Metcalfe and Chalk, 1950) for other representatives of

l
a
m
w

able 3
verage number of particles per 0.1 mm2 on the adaxial and abaxial surfaces of the apical p
ollected at different sites in São Paulo State, Brazil.

Sitea Size of particulate matter (�m)

<2.5 2.5–10 10–50

Adaxial Abaxial Adaxial Abaxial Adaxial

IBT 82 9 35 4 6
IPE 375 116 90 51 24
JAB 520 313 88 276 24
PRA 645 995 205 403 77
APA 1239 579 548 173 244
SCB 457 49 152 13 82
CUB 600 398 631 301 295

a For key to site location see Table 1.
astomataceae) collected from site APA in São Paulo city showing particulate matter
tively) and of the abaxial surface (D, E and F, respectively). Bar = 100 �m.

he family Melastomataceae. Leaves bearing trichomes attract
pecial attention since they tend to accumulate metals at lev-
ls that are up to 10-fold higher than those of glabrous leaves
Markert, 1993). The results presented herein indicate that after
et or dry deposition, the PM remains adsorbed to the hairy

tructures of the leaves and does not return to the environment
ven under dry windy conditions. When leaves are exposed to
ainfall, however, the particles move along the surface of the

eaf blade and concentrate in the apical parts. This behavior is
pparent in Figs. 6–8, and was observed during a period of six
onths under the influence of natural elements including bad
eather.

ortions of leaf samples from Tibouchina granulosa (Ders.) Cong. (Melastomataceae)

50–100 >100

Abaxial Adaxial Abaxial Adaxial Abaxial

12 1 1 1 1
15 2 1 4 3

117 2 27 3 31
128 8 12 11 10

57 28 6 29 5
6 22 1 9 2

161 41 15 115 17
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The stomatal indices of leaf samples collected in São Carlos city
sites SCB and SCS) were significantly lower in comparison with
hose from sites in São Paulo city. The increased density of stomata
n samples from the latter locations may be related to a higher
hysiological demand with respect to the influx and efflux of air in
he inner tissues, in that the higher the stomatal index the more
ntense is the air exchange process. However, the observed struc-

ural changes are often associated with decreased transpiration and
hotosynthetic activity caused by the breakdown of leaf epicuticu-

ar waxes, which may obliterate the stomata thereby impeding gas
xchange (Alves et al., 2001).

p
d
t
C

able 4
verage number of particles per 0.1 mm2 on the adaxial and abaxial surfaces of the median
ollected at different sites in São Paulo State, Brazil.

Sitea Size of particulate matter (�m)

<2.5 2.5–10 10–50

Adaxial Abaxial Adaxial Abaxial Adaxial

IBT 64 5 4 2 2
IPE 149 62 99 40 26
JAB 567 309 153 114 46
PRA 375 774 142 198 53
APA 1577 56 458 36 123
SCB 350 274 105 103 53
CUB 1155 297 473 173 220

a For key to site location see Table 1.
elastomataceae) collected from site SCB in São Carlos showing particulate matter
tively) and of the abaxial surface (D, E and F, respectively). Bar = 100 �m.

Leaves of T. granulosa collected at different sites within the state
f São Paulo were also divergent with regard to the density of parti-
les derived from natural and pollutant sources. Particles classified
s PM2.5 originate from anthropogenic sources, principally vehic-
lar traffic (>80%), and are very harmful to human health (Ottelé
t al., 2010). In urban areas, PM arise mainly from the incomplete
ombustion of fossil fuels, the friction between mechanical com-

onents such brakes and rubber tires, the exhaust emissions from
iesel-driven heavy vehicles, and materials released from indus-
rial and domestic combustion processes (Adamo et al., 2008).
omparison of the densities of particles on leaves collected from

portions of leaf samples from Tibouchina granulosa (Ders.) Cong. (Melastomataceae)

50–100 >100

Abaxial Adaxial Abaxial Adaxial Abaxial

1 2 1 1 1
20 2 2 1 1
89 5 18 2 23
85 6 9 1 3

9 12 2 10 1
90 9 13 3 29
94 47 13 40 52
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ig. 8. Scanning electron micrographs of leaves of Tibouchina granulosa (Ders.) Co
dsorbed at the apical, median and basal regions of the adaxial surface (A, B and C,

ity sites with those on samples from the less polluted IBT site con-
rms that leaves of T. granulosa are able to adsorb particles emitted
y polluting sources. Moreover, airflow vortices produced by road
ehicles push some of these particles upwards and enables them to
e deposited on adaxial and abaxial leaf surfaces as demonstrated,
espectively, by the samples from APA and PRA, both of which are
ites of intense vehicular and pedestrian traffic. For example, an
verage of 4200 vehicles per hour pass through the APA site located

n the heart of São Paulo City, with 8365 and 6825 vehicles travel-
ng from Consolação Avenue to Paraiso Avenue during the morning
7–10 am) and evening (5–8 pm) rush hours, respectively, while

o
L
o

able 5
verage number of particles per 0.1 mm2 on the adaxial and abaxial surfaces of the basal p
ollected at different sites in São Paulo State, Brazil.

Sitea Size of particulate matter (�m)

<2.5 2.5–10 10–50

Adaxial Abaxial Adaxial Abaxial Adaxial

IBT 82 5 11 1 7
IPE 282 162 99 48 30
JAB 468 14 110 16 25
PRA 168 659 61 162 21
APA 1572 31 500 1 151
SCB 380 222 125 82 52
CUB 1770 559 685 210 300

a For key to site location see Table 1.
elastomataceae) collected from site CUB in Cubatão showing particulate matter
tively) and of the abaxial surface (D, E and F, respectively). Bar = 100 �m.

1,844 and 9730 vehicles travel in the opposite direction during
he same respective periods (Bornsztein and Espel, 2011).

Among the samples collected in the urban areas, the sample APA
howed the highest density of particles <2.5. This result was already
xpected thus this is a region of São Paulo City with intense vehicu-
ar traffic. The sample CUB (region of industries of São Paulo State),

hich despite the determination to control the total suspended
articles (PM) by the standards (CONAMA 003/1990 and 008/1990)

n industries and refineries in the region (São Paulo State Decree
aw 8468 of 09/8/1876), was the second region with higher density
f particles <2.5.

ortions of leaf samples from Tibouchina granulosa (Ders.) Cong. (Melastomataceae)

50–100 >100

Abaxial Adaxial Abaxial Adaxial Abaxial

2 1 2 2 1
33 2 2 1 1

7 2 1 2 1
92 2 5 2 20

4 16 2 13 1
70 4 13 3 13
93 39 9 29 4
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Fig. 9. Total numbers of particles per 0.1 mm2 present on the adaxial surfaces of
T
I

T
s
a
l
m
b

Fig. 10. Total numbers of particles per 0.1 mm2 present on the abaxial surfaces of
Tibouchina granulosa (Ders.) Cong. (Melastomataceae) leaves collected from sites
I

t
s
T

F
(
(
F

ibouchina granulosa (Ders.) Cong. (Melastomataceae) leaves collected from sites
BT, IPE, JAB, PRA, APA, SCB and CUB.

The amounts of PM present on the adaxial and abaxial surfaces of
. granulose leaves were unexpectedly high. PMs containing metals
uch as Au, Ba, Fe, Pb and Ti probably derive from anthropogenic
ctivities and not from natural sources considering the sites of col-

ection and of the morphology of the particles. Since these toxic

etals were present in inhalable particles such as PM10, the possi-
ility of adverse health effects is increased.

a
o
h

ig. 11. SEM-EDS images of the adaxial surfaces of Tibouchina granulosa (Ders.) Cong. (Me
arrow; 42.64% Ba, 28.63% C, 19.24% O, 7.65% S, 1.07% Si, 0.76% Al; 50 �m); IPE (B) – Pb par
arrow; 55.91% Au, 24.99% C, 6.50% O; Bar 50 �m); CUB (D) – K and Fe particles (arrows 1 a
e, 2.13% Mn; 50 �m); PRA (F) – Au particle (arrows; Bar 10 �m).
BT, IPE, JAB, PRA, APA, SCB and CUB.

In order to evaluate the efficacy of measures implemented by
he authorities with the aim of protecting public health, it is neces-
ary to monitor the chemical composition of polluting particulates.
he current methods of analysis involve the use of expensive filters

nd complicated techniques, factors that place severe restrictions
n the resolution of the monitoring network. The results presented
erein demonstrate that T. granulosa trees may be used as passive

lastomataceae) leaf samples from various locations showing: CUB (A) – Ba particles
ticle (arrow; 42.27% Pb, 36.29% Ti, 13.01% Si, 8.43% Al; 50 �m); PRA (C) – Au particle
nd 2, respectively; 50 �m); PRA (E) – Ti particle (arrow; 40.40% Ti, 23.17% C, 21.13%
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iomonitor for the spatial and temporal assessment of polluted air
hrough the examination of the dry deposition on the leaves.

. Conclusions

Trichomes located on the adaxial and abaxial surfaces of leaves
f T. granulosa (Ders.) Cong. (Melastomataceae) trees were able to
dsorb particulate materials within the size range 2.5–100 �m. Fol-
owing deposition, the particles remained adsorbed to the leaves
nd did not return to the environment under normal weather con-
itions. SEM-EDS analysis of leaf material collected at different
ites provided comparative information regarding both the size
istribution and the chemical nature of the adsorbed PM. T. gran-
losa is particularly appropriate for urban landscaping, producing
xuberant flowers in colors that vary from pink to purple, and cul-
ivation in inner-city areas may help to improve the quality of air
y reducing the concentration of harmful PM2.5 and PM10. Addi-
ionally, T. granulosa may be employed as a passive biomonitor,
hereby offering a valuable alternative for monitoring air pollution
nd spatial–temporal evaluation of PM composition.
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