


 

1 
 

  

 



 

2 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

"There is nothing to writing. All you do is sit down at a 
typewriter and bleed." 

 
― Ernest Hemingway 
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Riassunto 

La ricerca sui nanomateriali (NMs) è avanzata molto recentemente. Tra i NMs, quelli a base 

di carbonio sono i maggiormente studiati per le loro applicazioni in molteplici campi, con 

un ruolo predominante occupato dai materiali a base di grafene (GRMs). 

Il grafene è un materiale bidimensionale, formato da uno strato monoatomico di atomi 

di carbonio, disposti in un reticolo a nido d’ape. Dalla sua scoperta, l’attenzione si è 

focalizzata sulle su proprietà quali rigidità, resistenza, elasticità e conducibilità elettrica e 

termica, che hanno portato allo sviluppo di molte applicazioni. 

Anche se i prodotti basati su GRMs hanno innegabili vantaggi, è prevedibile un rilascio 

involontario di nanoparticelle (NPs) di GRMs nell’ambiente durante tutta la loro vita. 

Inoltre, sono al vaglio applicazioni con rilascio diretto nell’ambiente di composti contenenti 

GRMs, per esempio pesticidi, fertilizzanti e pitture. Perciò i GRMs hanno tutti i tratti di 

inquinanti emergenti: (i) sono prodotti in grandi quantità, (ii) hanno una grande varietà 

d’applicazioni, e (iii) sono potenzialmente dannosi per gli organismi. 

Le particelle di GRMs sono estremamente leggere, perciò possono essere facilmente 

aerodisperse, venendo, poi, intercettate dagli organi aerei delle piante a seme, i.e., foglie, 

fusti e fiori, che sono trappole naturali per il particolato sospeso. 

Ad ora, gli effetti dei GRMs riportati per le piante sono molteplici, probabilmente a causa 

delle diverse condizioni sperimentali (materiali, concentrazioni, tempi di esposizione, 

protocolli, etc.) e/o delle specie usate. Purtroppo, ci sono pochi studi in vitro sugli effetti di 

questi materiali sulla riproduzione sessuale delle piante a seme. 

Lo scopo principale di questo progetto di dottorato è quello di verificare l’effetto in vivo 

dei GRMs sulla riproduzione sessuale delle piante a seme. 

L’effetto del few-layer grafene (FLG) è stato comparato con quello della muscovite, un 

NM bidimensionale, su vitalità del polline, integrità dello stigma e loro interazione in 

termini di adesione e germinazione del polline sullo stigma nella pianta modello 

Cucurbita pepo L. (zucchina). 

In seguito, due studi similari sono stati condotti testando grafene ossido (GO) e GO-

purificato (PGO) sul sistema polline-stigma e sulla produzione e sviluppo di frutti e semi in 

C. pepo. Prima usando quantitativi dei due materiali lontani da uno scenario realistico e poi 

applicando deposizioni secche a livelli ambientali possibili. 

Un quarto studio si è focalizzato su specie anemofile, poiché queste potrebbero essere 

maggiormente esposte a GRMs aero-sospesi. Un setup dedicato è stato sviluppato per 

verificare se GO e PGO aero-sospesi possano essere intercettati da stigmi di piante 

anemofile, danneggiare la comunicazione tra polline e stigma o interagire con acqua liquida 

presente sugli stigmi. 
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Infine, l’ipotesi di una capacità tamponante stigmatica è stata testata su quattro specie 

scelte per le loro caratteristiche stigmatiche e biologia dell’impollinazione. Gli stigmi sono 

stati immersi in una soluzione di elettrolitica e le variazioni di pH sono state monitorate con 

lo stigma immerso o meno aggiungendo quantitativi crescenti di GRMs, mentre soluzioni 

acide sono state usate come controllo positivo. Inoltre, gli essudati stigmatici sono stati 

analizzati per verificare la presenza di sostanze con proprietà tamponati. 

Sulla base dei risultati ottenuti, le NP di GRMs rilasciate in atmosfera possono essere 

considerate di per sé non più pericolose di NM naturali con simile struttura. D’altro lato, gli 

acidi e ossidanti usati per la produzione del GO, rimanendone adesi possono danneggiare 

la comunicazione finemente regolata tra polline e stigma, alterando il processo riproduttivo. 

Quindi, l’applicazione di accurate procedure di purificazione dei GRMs prima del loro uso 

dovrebbe essere considerata nel contesto di un approccio "safer-by-design".
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Abstract 

In recent years, the rapid advancement in the field of nanomaterials (NMs) increased their 

development, production and commercialization. Among NMs, the carbon-based ones are 

the most widely researched because of their potential in the most diverse fields, with a 

predominant role occupied by Graphene-Related Materials (GRMs).  

Graphene is a two-dimensional, single-layer sheet of carbon atoms organized in a 

honeycombed network with six-membered rings. Since its discovery, the attention of 

researchers was focused on its unique and exceptional properties, such as mechanical 

stiffness, strength, elasticity, very high electrical and thermal conductivity, which led to the 

development of numerous applications.  

Even if GRMs-enabled products have undeniable advantages, an involuntary release of 

GRMs nanoparticles (NPs) into the environment should be expected during their life cycle. 

Moreover, applications involving a direct release of GRMs-composites in the environment 

are under development, such as pesticides, fertilizers and paintings. Thus, GRMs have all 

the traits of emerging persistent pollutants: they have (i) increasing production volumes, (ii) 

a broad range of applications, and (iii) potentially harmful effects on organisms.  

GRM particles of micro- and nanometric size are extremely lightweight and, thus, could 

easily be aerodispersed for long distances, being intercepted by the aboveground organs of 

seed plants, i.e., leaves, stems, and flowers, which are natural traps for airborne particulate 

matter. 

So far, widely varying effects of GRMs on seed plants have been reported, from positive 

to negative, possibly owing to different experimental conditions (materials, concentrations, 

exposure time, protocols, etc.) and/or species tested. Unfortunately, there are only a few in 

vitro studies focusing on the effects of these materials on the sexual reproduction of seed 

plants. 

The main aim of this PhD project is to assess the in vivo effect of GRMs on the sexual 

reproduction of seed plants. 

The effect of few-layer graphene (FLG) was compared with muscovite mica, a natural 2D 

NM, on pollen viability, stigma integrity and their interaction in terms of pollen adhesion 

and germination on the stigma of the economically important and model plant Cucurbita 

pepo L. (summer squash). 

Then, in two similar studies, graphene oxide (GO) and purified-GO (PGO) were tested 

on pollen-stigma interaction and fruit and seed production and development of C. pepo. First 

using amounts far from a realistic scenario and then applying environmental-compatible 

dry depositions of the two materials. 

A fourth study focused on anemophilous species because they might be the most exposed 
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to airborne GRMs. A dedicated setup was used to verify if airborne GO and PGO can be 

entrapped by anemophilous stigmas, and if they affect the pollen-stigma system or interact 

with liquid water possibly present on stigmas. 

Finally, the hypothesis of a stigmatic buffer capability was tested on four species selected 

for their pollination biology and stigmatic features. Stigmas were soaked in electrolyte 

solutions. pH variations of solutions with or without stigmas were monitored progressively 

adding GRMs, while acid solutions were used as a positive control. The stigmatic exudates 

were analysed to verify the presence of substances with buffering properties. 

According to the results obtained, GRM NPs released in the atmosphere can be 

considered per se no more hazardous than similar layered naturally occurring NMs. On the 

other hand, the phytotoxic substances (i.e., strong acids and oxidants) used to produce GO 

and still adherent to its flakes can hinder the finely tuned communication between pollen 

and stigma, altering the reproduction process. Therefore, the application of accurate 

purification procedures before the use of GRMs should be considered in view of a "safer-

by-design" approach.
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Introduction 

List of acronyms 
 0D  zero dimensions 
 1D  one dimension 
 2D  two dimensions 
 3D  three dimensions 
 ENP engineered nanoparticle 
 FLG few-layer graphene 
 GO graphene oxide 
 GRM graphene-related material 
 NM nanomaterial 
 PGO purified-graphene oxide 
 NNP non-engineered nanoparticle 
 SBC stigmatic buffering capability 

Nanomaterials (NMs) have been demonstrated to have great potential to boost many 

scientific disciplines and commercial applications including physics, electronics, 

constructions, agriculture, sports equipment, tires, cosmetics, and medicine. REACH 

Regulation defines a nanoform as "a form of a natural or manufactured substance containing 

particles, in an unbound state or as an aggregate or as an agglomerate and where, for 50% 

or more of the particles in the number size distribution, one or more external dimensions is 

in the size range 1 - 100 nm" [1]. They can be spherical (0D) like fullerenes, tubular (1D) like 

carbon-based nanotubes, planar (2D) like graphene-related materials (GRMs) or irregularly 

shaped (3D), and can exist in fused, aggregated or agglomerated forms [2].  

There are many definitions available, but efforts have been made to standardize the 

subject, for instance with norms like ISO/TS 80004-2:2015. Nanoparticles (NPs) are also 

categorized on the basis of their composition, nature and origin (see for example Ma et al. 

2010 [3]; Peralta-Videa et al. 2011 [4]; Yadav et al. 2014 [5]; Sajid et al. 2015 [6]). Grillo et al. 

(2015) [7] divide between non-engineered NPs (NNPs) and engineered NPs (ENPs). Natural 

NNPs derive from events such as erosion, volcanic eruptions and forest fires [2,8], whereas 

anthropogenic NNPs waste [5] are incidentally produced by human activities like industrial 

processes and combustion [9]. Differently, ENPs are intentionally produced by man using 

different materials, such as metals, (e.g., Ag, Au, Cu , Fe, Ni, and Zn; [10]), metal oxides 

(Al2O3, CeO2, Fe3O4, SiO2, TiO2, ZnO; [11,12]), non-metals (silica and quantum dots; [13,14]), 

carbon (fullerenes, carbon-based nanotubes and GRMs; [15–17]), polymers (alginate, 

chitosan, hydroxymethylcellulose, polyhydrox-yalkanoates, and poly-e-caprolactone; 

[18,19]), and lipids (soybean lecithin and stearic acid; [20,21]).  
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Graphene-Related Materials  

Among the ENPs, carbon-based NMs attract the attention of researchers and markets 

because of their potential application in the most diverse fields [22] with a predominant role 

occupied by Graphene-Related Materials (GRMs) [23]. Graphene, a material that was 

presumed not to exist in the free state, is a two-dimensional crystal composed of monolayers 

of carbon atoms arranged in a honeycombed network with six-membered rings [24]. 

Graphene is considered the "wonder material" [25] because of its mechanical stiffness, 

strength, elasticity, transparency and supreme electrical and thermal conductivity, which 

make it suitable for a broad variety of applications: electronics, photonics, composite 

materials, constructions, agriculture, energy generation and storage, sensors and metrology 

and biomedicine [23]. Because of the combination of all these properties in the same 

material, graphene could become a disruptive technology [26]. Indeed, GRMs market was 

estimated to be around 12 mln US$ in 2013 with a production volume of 120 t y-1 [27], since 

then it has grown with an expected market of 2.9 × 109 US$ in 2027 and volume production 

around 3,800 t y-1 [28], i.e., orders of magnitude higher than the actual production of many 

other NMs [12]. 

Nevertheless, this growth needs to be accompanied by an investment in nanosafety, i.e., 

the safety issues associated with nanotechnology, to exclude possible risks to health and the 

environment. Only in this way any future development will bring an actual application in 

our everyday-life [26]. Indeed, the increasing production and use of GRMs might lead to an 

uncontrolled release into the environment of NPs, with unpredictable consequences for the 

ecosystems [29].  

The risk of the eternal recurrence of the same 

In the past, humans already faced examples of the introduction and use of new materials 

and substances which caused negative effects on organisms and ecosystems. An 

outstanding example is persistent pollutants, such as dioxins, polychlorinated biphenyls, 

organochlorine insecticides [30] and most recently micro and nanoplastics [31,32]. 

Since the development of the first modern plastics at the beginning of 1900, cost-effective 

manufacturing techniques lead to the massive production and use of lightweight, durable, 

inert and corrosion-resistant plastics [31,32]. These materials, on one hand, became a 

ground-breaking technology at the base of the progress of the last century; on the other 

hand, they turned into a threat to the environment and health, especially because of their 

durability. Plastic longevity is estimated in hundreds or thousands of years, thus waste is 

accumulated everywhere and its impact is huge on a global scale [32]. Lately, micro- and 

nanoplastics (i.e., debris progressively decreased in size by mechanical and microbial 

degradation) became a matter of concern because considered harmful and are widespread 
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particularly in marine environments [31,33]. Unpredictable implications have been 

discovered: micro- and nanoplastics are bioavailable to the biota and bioaccumulated 

throughout the food-web [31], they can transport alien species to new locations [34] and 

their large surface-volume ratio facilitates the absorption of pollutants [31]. 

The widespread use of plastics is similar to the increasing number of GRMs applications 

that already have reached society, such as concrete, tires, asphalts and sports equipment 

[28]. Even if GRMs-enabled products have undeniable advantages, sooner or later they will 

wear out, break, and be disposed of, with a consequent involuntary release of GRMs NPs  

into the environment. Furthermore, a voluntary, direct release is predictable if applications 

of GRMs-composites as paints and protective coatings [35], pesticides [36,37], plant 

fertilizers [38–40], sand improvers for soil remediation [41], and drug enhancers [42] will 

reach the market. 

Toxicological and ecotoxicological studies on GRMs  

To understand the real health and environmental risk caused by GRMs there were/are 

several obstacles to overcome: synthesis, nomenclature and characterization of the materials 

and standardization of the exposure. Graphene can be produced with different synthetic 

methods [17,43] but certain requirements need to be fulfilled when GRMs are produced, in 

particular for their (eco-)toxicological evaluation. In general, the amount of impurities 

should be carefully controlled, as well as the presence of biological contaminants [44].  

At the moment, a worldwide standardization of the nomenclature is lacking, although it 

allows a better common understanding [45,46]. Indeed, the GRMs family includes many 

constituents, such as graphene, graphene oxide (GO), few-layer graphene (FLG), reduced 

graphene oxide (rGO) and  graphene quantum dots; in addition, new GRMs-composites are 

developed every day.  

Inside each GRM group, there might be differences in terms of defects of the carbon 

lattice, redox state, number of layers, dimensions of the NPs (i.e., lateral dimension), which 

can make the material more or less toxic. Then a fine characterization of the tested material 

is fundamental to both compare the results with further studies and understand the possible 

mechanism at the base of the observed effects.  

Studies aimed at verifying the impact of GRMs on the environment should consider 

exposure modalities (e.g., liquid dispersions or dry depositions) and concentrations 

reflecting the expected future releases in the environment [47]. Experiments should be based 

on long-lasting exposures, which are so far absent in the literature [48]. In vivo and in field 

conditions should be preferred, because their results might differ from the in vitro ones [49]. 

Last but not least, attention should be paid to the combined effects of different pollutants 

for which the resulting interaction might be totally unexpected. 
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Effects of GRMs on organisms 

In recent years, the interest on the effects of GRMs on organisms and ecosystems has 

increased exponentially, for a review see Montagner et al. (2017) [47] and Fadeel et al. (2018) 

[50].  

 
Fig. 1. Graphene-related materials (GRMs) lifecycle and possible interaction with organisms and 
environment (modified from Fadeel et al. 2018 [50]). 

How GRMs interact with the body of an exposed organism is governed both by their 

intrinsic physicochemical characteristics (e.g., presence of impurities, lateral dimensions, 

thickness, and oxidation state) and by the features acquired upon contact with the biological 

environment. Furthermore, the portal of entry into the body determines the subsequent fate 

of the materials. Summing up, the experiments on tissues, organs and systems highlighted 

that GRMs do not cause "asbestos-like" pathogenicity. However, in particular, the 

hydrophilic GO exerts a toxic effect through the adhesion to cells membranes, cutting 

through them or by their internalization [51]. Impairment of cellular processes, oxidative 

stress [52] and alteration of the cell surrounding environment were also observed [50,53]. 

Unexpectedly, experiments on the nervous system showed that small flakes (lateral size 

< 500 nm) can also down-regulate neuronal signalling without affecting cell viability, paving 

the way for biomedical applications. Experiments on the immune system demonstrated that 

oxidative enzymes could degrade GRMs [54]. 

Graphene-related materials possess antibacterial properties [47,50] due to their 

2D-geometry which makes them sharp blades that can cut-through cell membranes. In 

addition, they generate oxidative stress and affect cellular metabolism. Damages to DNA 

and oxidative stress were also observed in protozoa [47], whereas alterations of redox 

equilibrium, growth, development and reduced motility were observed in some molluscs, 

crustaceans and vertebrates but not in others [47,50,55]. 

The role of fungi-mediated degradation processes on the environmental fate of these 
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materials have largely been ignored, as well as GRMs effect on their metabolism [47,50], and 

only recently pieces of evidence in favour of GRMs biodegradability were reported (see 

Appendix 1 [56]). 

Regarding photoautotrophic organisms, the cell wall seems an efficient barrier towards 

flakes [57] and only seldom very small flakes (40 - 60 nm) are internalized or pierce through 

it [47,58,59]. A shadowing effect towards the photosynthetic structures affecting cellular 

growth was also hypothesised [59], but this was not always the case [57]. 

Interaction of GRMs with seed plants 

The interaction of GRMs was tested against some worldwide-distributed seed plants both 

in vitro and in vivo conditions since they are economically important and essential 

components of all terrestrial ecosystems [60]. However, similarly to other organisms, widely 

varying effects have been reported on seed plants, from positive to negative, possibly owing 

to different experimental conditions (materials, concentrations, exposure time, 

protocols, etc.) and/or species tested (Fig. 2) [47,50]. 

 
Fig. 2. Impact of carbon-based nanomaterials on seed plants (from Verma et al. 2019 [60]). 
Abbreviations: CND, carbon nanodot; CNF, carbon nanofiber; CNH, carbon nanohorn; CNM, carbon-
based nanoparticle; CNP, carbon nanoparticle; DWCNT, double-walled carbon nanotube; FCD, 
fluorescent carbon dot; GO, graphene oxide; MCN, mesoporous carbon nanoparticle; NCS, 
nanocarbon sol; SWCNT, single-walled carbon nanotube; MWCNT, multi-walled carbon nanotube; 
wsCNO, water-soluble carbon nano-onion. 

When seeds were let to germinate in presence of FLG, the effect was concentration- and 

time-dependent. Germination frequency certainly gets enhanced due to FLG capability of 

transporting water, but adverse effects were also observed at higher concentrations and 

long-lasting exposures [47,60]. Importantly, the metabolization of C14 labelled FLG was also 

observed [61]. 

The effects of GO absorption at the root level are less clear. For instance, in Vicia faba L. 
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GO improved plant growth and increased the antioxidant pool of the plant at some 

concentrations (400 – 800 µg mL-1), whereas a stress-response was observed at some others 

(1.600 > 200 > 100 µg mL-1) [62]. Translocation of GO through stem and leaves was also 

observed in Arabidopsis thaliana L. and Avena sativa L. [58,63] with a deficiency in several 

physiological traits for the latter [63]. 

GRMs and the sexual reproduction of seed plants: state of the art 

The studies available in the literature demonstrated that GRMs have all the traits of 

emerging pollutants: (i) they will be intensively produced and used, (ii) have high 

environmental persistence and (iii) can harm organisms. Nevertheless, few are the works on 

one of the pivotal processes in nature: the sexual reproduction of seed plants. 

Until recently, NPs made of graphene-like layers were found only as side-products of 

combustion (also in remote arctic regions) [64], but lately, airborne GRMs were recorded 

also in the air of laboratories and GRMs production facilities [65,66]. Indeed, GRMs 

2D-geometry might ensure an easy dispersibility and a longer retention time in the air. Once 

in the air, GRMs might be intercepted by the above-ground organs of seed plants, i.e., leaves, 

stems and flowers which are natural traps for airborne particulate matter [67,68]. 

Wind-pollinated (anemophilous) plants might be the most exposed to airborne GRMs 

because their flowers evolved to intercept pollen from the air. 

The few in vitro studies available verified that FLG and GO impaired pollen 

performances in Corylus avellana L. (common hazel) and Nicotiana tabacum L. (tobacco plant) 

reducing pollen germination and, in the case of GO, pollen tube growth [69,70]. In the case 

of GO, the effect was mainly caused by the acidity of the material, which significantly 

decreased the pH of the pollen germination medium and, by consequence, of the cytoplasm 

[69]. This property is due to the oxygen functional groups (e.g., carboxylic, epoxy, and 

oxydrilic) present on the graphene lattice, which can also decrease the bioavailability of 

important cations for the development of pollen tube, e.g., calcium [69]. In the case of FLG, 

the authors hypothesized that the impairment of the germination pore and an imbalance of 

the intracellular redox equilibrium decreased pollen germination [70]. 

The aforementioned in vitro experiments raised concerns about the possible negative 

interaction of GRMs with a fundamental process in nature: the sexual reproduction of seed 

plants. However, plant reproduction success strongly depends on the interaction between 

pollen and stigma, which is based on: (i) pollination (i.e., the physical transfer of pollen from 

the male to the female part of a plant flower), (ii) stigma receptivity (i.e., the ability of the 

stigma to promote and support the germination of viable and compatible pollen [71]), and 

the interaction between the pollen grain and the stigmatic surface at the base of pollen 

recognition, germination, and pollen tube growth. Therefore, the activities of this PhD were 
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focused to cover this gap through in vitro and in vivo experiments. 

Plant material 

The activities of this PhD were divided into five chapters/papers, first, focusing on the 

insect-pollinated (entomophilous) Cucurbita pepo L., a model plant [72–74] economically 

important, and then on four anemophilous species, chosen on the basis of their biology and 

features of the stigmatic surface of female flowers: C. avellana, Juglans regia L. (walnut), 

Quercus ilex L. (holm oak) and Zea mays L. (corn). 
Cucurbita pepo L. (summer squash, Fig. 3) is a monoecious, entomophilous, dicot 

therophyte with short internodes and with indeterminate growth and reproduction [73,74]. 
Male flowers (Fig. 3b) start to appear ca. 30 days before female ones (Fig. 3c), approximately 
two months after seed germination, and are produced for the whole remaining growing 
season. Each flower develops individually and lasts for a few hours after anthesis, which 
generally occurs around 6:00 a.m. 

 
Fig. 3. Cucurbita pepo L. (summer squash) (a) plant and (b) male and (c) female flower. 

Corylus avellana L. (common hazel, Fig. 4a) is a monoecious, anemophilous, dicot 

phanerophyte with widespread distribution, also important from an economical point of 

view [75]. Male inflorescences (Fig. 4b), termed catkins, are composed of 130 – 290 flowers. 

Pollen shedding occurs over a period of one month or more, starting from late January. 

Female inflorescences (Fig. 4c), termed glomerules, are compound buds made of a short 

vegetative part made of six or seven internodes and an upper fertile cluster, the cymule, 

composed of four bracts, each bearing a couple of flowers, which remain receptive for up to 

two months, from mid-February. 
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Fig. 4. Corylus avellana L. (common hazel) (a) plant and (b) male and (c) female inflorescences. 

Juglans regia L. (walnut, Fig. 5a) is a monoecious, anemophilous, dicot phanerophyte with 

widespread distribution, also important from an economical point of view [76,77]. Male 

catkins (Fig. 5c) are composed of hundreds of flowers, which lack petals and consist of a 

whorl of green sepals surrounding 40 pollen-bearing stamens. Pollen shedding occurs over 

a period of one month or more, starting between late March and early April, partially 

overlapping female anthesis. Female flowers (Fig. 5c) are formed most often in pairs and 

develop from the terminal bud on all cultivars (terminally fruitful) and from lateral buds on 

certain cultivars (laterally fruitful). Female flowers are composed of a basal portion enclosed 

in a hairy involucre which is formed by the fusion of flower parts including bracts and sepals 

connected by a short style to a bipartite stigma that looks feathery. Female flowers are 

receptive for 7 days and last for 2 – 3 weeks. 

 
Fig. 5. Juglans regia L. (walnut) (a) plant, (b) male catkins and (c) female flowers. 

Quercus ilex L. (holm oak, Fig. 6a) is a monoecious, anemophilous, dicot phanerophyte 

typical of Mediterranean sclerophyllous vegetation often planted in urban areas [78]. Male 

inflorescences (Fig. 6b) are catkins lax, racemose to spicate composed of hundreds of 

flowers, and pollen shedding occurs over a period of one month starting from mid-May, a 

couple of weeks before female anthesis. Female flowers are formed most often in pairs and 

bear one dry actinomorphic stigma with five V-shaped lobes gradually dilated at the apex 

and recurved (Fig. 6c). Female flowers remain receptive for weeks. 
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Fig. 6. Quercus ilex L. (holm oak) (a) plant, (b) male catkins and (c) female flowers. 

Zea mays L. (corn, Fig.7a) is a monoecious, anemophilous, monocot therophyte with 

determinate growth and reproduction; it is a worldwide cultivated crop that is also a model 

plant [79,80]. Male inflorescences (Fig. 7b) are broadly expanded panicles ("tassels"), often 

more than 30 cm in length, and composed of a central axis and several spreading rachides, 

bearing spikelets. Female inflorescences (Fig. 7c), the cobs, display hundreds of silks whose 

surfaces act as functional stigmas. Male and female flowers dehiscence almost overlap, 

pollen shedding endures for a couple of weeks while stigmatic receptivity can last for up to 

one month. 

 
Fig. 7. Zea mays L. (corn) (a) plant and (b) male and (c) female inflorescences. 

GRMs and the sexual reproduction of seed plants 

In a first full paper, we tested the effects of FLG towards pollen viability, stigmatic surface 

integrity and pollen-stigma interaction of C. pepo. For comparison, we used muscovite mica, 

a phyllosilicate with a layered structure similar to GRMs. Neither pollen viability nor 

stigmatic surface integrity were affected by the tested NMs. Nonetheless, both NMs equally 

reduced pollen adhesion and germination on the stigma. Our samples were exposed to 

relatively high amounts of NM powders unlikely to occur in the environment; nevertheless, 

our results highlighted that FLG can be considered as safe as a naturally occurring planar 

NM, not uncommon in soil particulate matter. 

In a second full paper, we repeated the experiment testing GO and GO purified from 
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production residues (PGO) on stigmatic surface integrity, pollen-stigma system and fruit 

and seed production of C. pepo. We did not detect severe damages to the stigma; 

nevertheless, pollen-stigma interaction was affected. Moreover, fruits developed defectively 

with signs of necrosis in the case of GO, whereas fruits did not ripen in the case of PGO and 

ovules did not develop seeds after both GOs treatments. These results suggested different 

mechanisms of interaction of the two materials with the pollen-stigma system with a 

possible negative impact of GO on the sexual reproduction of other seed plants. 

In a third full paper, we exposed stigmatic surfaces of C. pepo to GO and PGO quantities 

more similar to what we expect to find in the environment. We treated C. pepo stigmas using 

a new exposure modality to simulate dry depositions. GO and PGO neither compromised 

fruit production and development nor seed production. Only the highest GO deposition 

tested affected seed mass, which might result in impaired seed germination and vigour of 

the filial progeny [81]. Further analysis on the pollen-stigma interaction did not reveal a 

clear action mechanism at the base of this decrease. However, we hypothesized that the 

decrease in seed dimensions might be a side-effect caused by GO-production residues still 

present in the commercial batch (e.g., strong oxidants and acids as KMnO4 and H2SO4), but 

not after purification. Importantly, we established for the first time a "safety" limit of GO 

depositions (11.1 ± 3.6 ng mm-2) for the sexual reproduction of a seed plant. 

In a fourth full paper, we focused on anemophilous flowers which might be the most 

exposed to airborne GRMs. Therefore, stigmas of the anemophilous C. avellana, J. regia, Q. 

ilex and Z. mays were exposed to NPs of airborne GO and PGO at a possible environmental 

concentration using a purpose-built chamber. Considering the strong acidic properties of 

GO, the effect of a simultaneous presence of GO NPs and films of liquid water on the stigma 

was also evaluated. We demonstrated for the first time that (i) anemophilous flowers can 

intercept airborne GO NPs even at very low atmospheric concentrations and (ii) that GO 

can interfere with pollen adhesion depending on the chemistry and structure of the 

stigmatic surface exposed. The presence of films of water neither completely removed GO 

NPs from the stigmatic surfaces, nor increased their possible toxic effect. Notably, PGO NPs 

never affected pollen-stigma interaction, underlining that the production residues present 

in the GO batch are the main cause of its toxicity. 

In a fifth full paper, we verified the hypothesis of Du Bay & Murdy (1983) [82] of a 

stigmatic buffering capability (SBC) of seed plants, which has never been empirically 

demonstrated. In liquid conditions, we verified the SBC of C. pepo towards increasing 

concentrations of HNO3 and H2SO4 and repeated the titration with three GRMs, i.e., FLG, 

GO, and PGO. Cucurbita pepo showed an SBC - though limited - towards the two acids, 

whereas it maintained the pH circum-neutral in presence of the GRMs. Then, its SBC was 

compared with those of C. avellana, J. regia and Z. mays towards the two acids and GO. We 
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also performed a chemical analysis of the exudates present on the stigmatic surfaces of the 

tested species. Cucurbita pepo had the stronger SBC, followed by C. avellana and J. regia, 

whereas Z. mays stigmas never buffered the tested substances. Pectines, which are known 

to have buffering properties [83], are ca. 33% of the exudates of C. pepo stigma. Analysis (still 

ongoing) of the exudates present on the remaining species will verify if these compounds 

and their amounts are at the base of the differences observed in SBC. 
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Abstract: Products containing graphene-related materials (GRMs) are becoming quite common, 
raising concerns for environmental safety. GRMs have varying effects on plants, but their impact on 
the sexual reproduction process is largely unknown. In this study, the effects of few-layer graphene 
(FLG) and a similarly layered phyllosilicate, muscovite mica (MICA), were tested in vivo on the 
reproductive structures, i.e., pollen and stigma, of Cucurbita pepo L. ssp. pepo "greyzini" (summer 
squash, zucchini). Pollen was exposed to FLG or MICA, after careful physical-chemical 
characterization, at concentrations of 0.5 and 2 mg of nanomaterial (NM) per g of pollen for up to 
six hours. Following this, pollen viability was tested. Stigmas were exposed to FLG or MICA for 
three hours and then analyzed by environmental scanning electron microscopy to verify possible 
alterations to their surface. Stigmas were then hand-pollinated to verify the effects of the two NMs 
on pollen adhesion and in vivo pollen germination. FLG and MICA altered neither pollen viability 
nor the stigmatic surface. However, both NMs equivalently decreased pollen adhesion and in vivo 
germination compared with untreated stigmas. These effects deserve further attention as they could 
impact the production of fruits and seeds. Importantly, it was shown that FLG is as safe as a 
naturally occurring nanomaterial. 

Keywords: stigmatic surface; pollen germination; nanomaterials; flowers; particulate matter 
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1. Introduction 

Graphene is a nanomaterial (NM) made of carbon atoms arranged in a 2D crystal structure 
with remarkable physicochemical properties [1]. These make graphene suitable for 
numerous applications ranging from optoelectronics to medical, to material engineering [2–
4]. Nowadays, graphene-containing materials are used for applications and objects such as 
sports equipment, earbuds, and mobile covers and pads (for a list, visit www.graphene-
info.com). 
Despite the great benefits graphene brings to our lives, its uncontrolled, fast diffusion might 
also cause some drawbacks. Even if graphene and graphene-related materials (GRMs) are 
present in small amounts in the aforementioned objects, it is expected that the materials will 
get involuntarily released into the environment during their life cycle. At the same time, 
more and more applications involving the direct release of GRMs into the environment are 
under development, such as drugs enhancers and carriers, pesticides and fertilizers for 
crops [5,6], or sand improvers for soil remediation [7]. Furthermore, these applications raise 
concerns about a possible negative impact on ecosystems. Indeed, GRM particles of micro- 
and nanometric size are extremely lightweight and, thus, could easily be aerodispersed for 
long distances, as documented for carbon black in fine and ultrafine particulate matter (PM) 
[8]. 
The aerial organs of seed plants, i.e., leaves, stems, and flowers, are natural traps for PM 
[9,10] and may also intercept airborne GRMs. So far, widely varying effects of GRMs on seed 
plants have been reported, from positive to negative, possibly owing to different 
experimental conditions (materials, concentrations, exposure time, protocols, etc.) and/or 
species tested [11,12]. 
Recently, in vitro testing [13] on the pollen of Corylus avellana (common hazel) and Nicotiana 
tabacum (tobacco plant) showed that few-layer graphene (FLG) and graphene oxide (GO) 
can impair pollen germination and, in the case of GO, pollen tube growth [14,15]. In regard 
to GO, this effect was mainly caused by the acidic property of the material, which 
significantly decreased the pH of the pollen germination medium and, by consequence, of 
the cytoplasm [14]. This property is due to the high density of oxygen functional groups 
(e.g., carboxylic, epoxy, and oxydrilic) on the graphene lattice; the latter can also decrease 
the bioavailability of important cations for the development of pollen tube, e.g., calcium 
[15]. Regarding FLG, the authors hypothesized that the observed pollen germination 
decrease was due to an impairment of the germination pore and an imbalance of the 
intracellular reactive oxygen species (ROS). 
The aforementioned in vitro experiments raised concerns about the possible negative effects 
of GRMs on one of the most important processes in nature: The sexual reproduction of seed 
plants. The success of fertilization of egg cell(s) strongly depends on pollination (i.e., the 
physical transfer of pollen from the male to the female part of a plant flower), stigma 
receptivity (i.e., the ability of the stigma to promote and support the germination of viable 
and compatible pollen [16]), and the interaction between the pollen grain and the stigmatic 
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surface at the base of pollen recognition, germination, and pollen tube growth. The stigmatic 
surface receptivity can be affected by many environmental factors, such as temperature, 
rainfall, and parasites [17–19], as well as by exposure to xenobiotics [20–22]. Our hypothesis 
was that GRMs deposited on the stigmatic surfaces might interfere with the pollen–stigma 
interactions. This could occur due to chemical modifications of the substances present on 
the stigmatic surface or because the GRM flakes interpose themselves between pollen and 
the stigmatic papillae.  
The physical interposition between pollen and stigma has been documented for airborne 
soil dust particles [23,24]. Hence, to properly understand if possible negative effects of 
GRMs on the stigmatic surface depend on their peculiar chemical-physical properties, a 
comparison with a naturally occurring material with similarly layered geometric structure 
seems to be appropriate.  
Phyllosilicates have a geometrical structure resembling that of GRMs, as they are made of 
silicon-based sheets a few atoms thick. One of these minerals, muscovite mica (MICA), has 
a layered structure consisting of two tetrahedral sheets on either side of an octahedral sheet 
composed of a honeycombed arrangement of hexagons of SiO4 tetrahedra [25]. Thus, its 
layered structure is rather similar to FLG, which is one of the most common and exploited 
GRMs [26]. MICAs account for up to 5.2% of the Earth’s crust [27], represent more than 6% 
of the nanometric fraction (<0.2 µm diameter) of loess soils, and are frequent components of 
terrigenous dust [28,29]. Furthermore, MICA is relatively inert from a (bio)chemical point 
of view, even at nanometric size [29,30]. For these reasons, using MICA as a comparison 
could help to discriminate if possible negative effects on the stigmatic surface occurring after 
exposure to GRMs are specifically related to the physical-chemical properties of these 
materials. 
To verify the hypothesis of a possible impairment of plant reproduction caused by the 
interaction of GRMs with the pollen–stigma system, the effect of FLG and MICA on pollen 
viability, stigmatic surface integrity, pollen adhesion, and germination on the stigmatic 
surface were tested on Cucurbita pepo L. ssp. pepo ‘greyzini’ (the summer squash or zucchini), 
a model species for pollination studies [31] that is also economically important. 
Understanding if FLG might have negative effects on plant reproduction processes and if 
these are caused by its peculiar properties would help us to take adequate measures to 
engineer safer-by-design GRMs. 

2. Materials and Methods 

2.1. NMs’ Preparation 

FLG was prepared according to León et al. [29]: 7.5 mg of graphite (Bay Carbon Inc., Bay 
City, MI, USA) mixed with 22.5 mg of melamine (1,3,5-triazine-2,4,6-triamine, Sigma-
Aldrich Chemie GmbH, Munich, Germany) were ball-milled at 100 rpm for 30 min using a 
planetary ball mill (Retsch PM 100, Retsch GmbH, Haan, Germany). The resulting solid 
mixture was suspended in 20 mL of bi-distilled water, sonicated for one minute, and 
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dialyzed to remove melamine. The poorly exfoliated graphene was let to precipitate for five 
days and then removed from the suspension. 
A sample of MICA (muscovite: KAl2(Si3Al)O10(OH)2 [32]) provided by the Department of 
Mathematics and Geoscience of the University of Trieste was pulverized using a tissue lyser 
(Retsch MM 400, Retsch GmbH, Haan, Germany). Two hundred mg of MICA lamellae were 
roughly broken with steel tweezers and then ball-milled at 30 Hz until glass-like lamellar 
structures were no longer visually recognizable. 

2.2. NMs’ Characterization 

FLG and MICA were subjected to physical-chemical characterization using qualitative and 
quantitative analytical techniques. FLG was analyzed with an inVia Raman Microscope 
(Renishaw, Wotton-under-Edge, UK) by drop-casting an FLG dispersion onto a Si wafer and 
dried on a hot plate. Overall, 30 Raman measurements were collected at different locations 
using a 532-nm laser bandwidth with an incident power of 1% (1 mW µm−2) and a 100× 
objective.  
Thermogravimetric analysis (TGA) of FLG was performed with a TGA Q50 (TA 
Instruments, New Castle, DE, USA) at 10 °C per minute under nitrogen atmosphere, from 
100 °C to 800 °C. 
Quantitative elemental analysis of FLG for C, H, N, and O was performed with a LECO 
CHNS-932 (LECO Corporation, St. Joseph, MI, USA) elemental analyzer, whereas a Bruker-
S2PicoFox total reflection X-ray fluorescence (TXRF) spectrometer (Bruker Optics Inc., 
Billerica, MA, USA) was used for Al, Si, S, Cl, K, Ca, Ti, V, Fe, Ni, Cu, Zn, Br, and Sr. 
Similarly, MICA was analyzed by X-ray powder diffraction (XRPD) with a Siemens D500 
diffractometer (Siemens AG, Munich, Germany) using Cu Kα radiation (wavelength: 1.5406 
Å), operated at 40 kV and 20 mA at room temperature in the range of 2θ from 5° to 30° (step 
0.05° of 2θ and 1 s/step). 
Qualitative elemental analysis was performed with Carl Zeiss Leo 1540 XB scanning electron 
microscope (SEM; Carl Zeiss, Oberkochen, Germany) equipped with an Everhart-Thornley 
secondary electron detector and in-column detector. Whole crystals (n = 4) or powdered (n 
= 6) MICA samples were attached to aluminium stubs and subjected to qualitative energy 
dispersive X-ray (EDX) analysis coupled to SEM. EDX spectra and maps were recorded 
using an Energy Dispersive Spectroscopy (EDS) System (Si[Li] detectors, liquid nitrogen 
cooled, total area 10 mm2; EDAX, Mahwah, NJ, USA). The EDX spectra were collected with 
60 s acquisition time; for the maps, 10- to 30-min acquisitions were used. Electron beam 
energy of 3 KeV was used for morphological characterization, while 6 and 12 KeV were used 
for EDX analysis.  
Furthermore, both NMs were characterized morphologically to determine their lateral 
dimension and thickness. High-resolution transmission electron microscope (HRTEM) 
observations were taken with a JEM 2100 (JEOL Ltd., Tokyo, Japan). Stable dispersions of 
both materials were drop-casted on nickel grids (3.00 mm, 200 mesh), dried under vacuum, 
and observed at an accelerating voltage of 100 kV. Lateral dimension distribution of NMs 
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was calculated with ImageJ1 software (ImageJ, version 1.52a; image processing program, 
The National Institutes of Health, Bethesda, MD, USA, 1997). NMs’ thickness was measured 
with an atomic force microscope (AFM) under ambient conditions using Multimode V7.30 
(Veeco Instruments Inc., Plainview, NY, USA) with a NanoScope V controller (Digital 
Instruments, Tonawanda, NY, USA) working on tapping mode with a silicon tip 
(HQ:NSC15/Al BS, MikroMasch OÜ, Tallin, Estonia) at a working frequency of 235 kHz and 
a nominal force constant of 40 Nm−1. Height and phase images were simultaneously 
obtained. The samples were prepared with an aliquot of 10 µL of a 100 µg/mL NMs’ 
dispersion (previously sonicated for 10 min) by spin coating on silicon surfaces. 

2.3. Cultivation and Growth of Cucurbita Pepo L. 

Cucurbita pepo L. ssp. pepo ‘greyzini’ is a monoecious, entomophilous therophyte with short 
internodes and with indeterminate growth and reproduction [33,34]. Male flowers start to 
appear approximately one month before female ones, c. 60–75 days after seed germination, 
and are produced for the whole remaining growing season. Each flower develops 
individually and lasts for a few hours after anthesis, which generally occurs around 6:00 
a.m. Plants of C. pepo were greenhouse cultivated in the Botanical garden of the University 
of Trieste from March to May 2019 and then transplanted in open-field conditions. Plants 
were watered once a day with a ground-based automatic irrigation system, fertilized once 
a week, and treated with antimycotics once a week (Azupec 80WG, Ascenza Agro, Torres 
Vedra, Portugal or Jupiter WG, Isagro Spa, Adria, Italy). For the experiments, male and 
female flowers were collected the day before anthesis and kept hydrated overnight in the 
laboratory (21 °C) to prevent pollination. 

2.4. Effects of NMs on C. Pepo Reproduction 

In the present work, effects of manufactured FLG and, for comparison, natural MICA NMs 
were evaluated on different steps of the C. pepo reproduction process, testing either male or 
female structures and their interactions. Pollen viability, stigmatic surface integrity, pollen 
adhesion, and germination onto stigmatic surfaces were used as proxies. 

2.5. Pollen Viability 

Pollen of C. pepo is of the recalcitrant type, i.e., it is partially hydrated and metabolically 
active at stamen dehiscence. This pollen dehydrates in a few hours, progressively losing 
viability [35,36]. Pollen viability, eventually in the presence of FLG and MICA, was assessed 
by the fluorescein diacetate (FDA) (Sigma-Aldrich Chemie GmbH, Munich, Germany) 
fluorochromatic reaction (FCR) [37]. 
FDA was dissolved in Brewbaker and Kwack’s (BK) culture medium (15% w/v of sucrose) 
[38], to a concentration of 2 mg mL−1, while 100 µL of FDA solution were poured over a 
microscope glass slide and then spiked with a small amount (the tip of a needle) of pollen. 
After 10 min of dark incubation at room temperature, FDA fluorescence was visualized 
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using a Zeiss Axioplan microscope (Carl Zeiss, Oberkochen, Germany) equipped with a 
Kiralux CS505CU camera (Thorlabs Inc., Newton, NJ, USA). To test the effect of FLG and 
MICA on pollen viability, viable pollen was initially pooled and then divided into three 
aliquots. One was kept pristine (CTRL) whereas the other two were mixed with FLG and 
MICA (treated), respectively, in a ratio of 0.5 and 2 mg NM per g−1 of pollen (fresh weight). 
Evaluation of viability percentage was performed—counting at least 200 pollen grains for 
each sample on pollen collected from at least seven flowers, each from a different plant—if 
the initial viability was higher than 70%. Measurements were carried out after 15, 45, 90, 
180, and 360 min of exposure. 

2.6. Stigma Exposure to NMs 

The female flowers of C. pepo bear a single pistil with three stigmas, each made of two lobes 
[33]. 
To reduce variability, exposure to NMs was carried out, with 1 mg of FLG and MICA dry 
powder administered to the stigmatic surface of two of the three stigmas, respectively 
(treated stigmas), of each flower (n = 3–6). Treated stigmas were gently and homogeneously 
coated using a brush until the stigmatic surface was completely covered by the NMs (Figure 
S1); the surface of the third stigma was instead brushed only with a clean paintbrush, as 
control (CTRL). Stigmas were then kept at laboratory conditions (dim light and 21 °C) for 
three hours before SEM analysis. After this period, a further set of CTRL and treated stigmas 
were hand-pollinated with fresh pollen (viability >85%) using a paintbrush in order to test 
the effects of the NMs on pollen detachment and in vivo germination. For the detachment 
experiments, 5 mg of pollen (estimated 4105 ± 931 pollen grains) were brushed all over the 
stigmatic surface, whereas for the germination experiments, 3 ± 0.5 mg of pollen (estimated 
2407 ± 541 pollen grains) were applied over a stigma spot of 16 mm2 using a squared (4 × 4 
mm), greaseproof, paper frame. Afterwards, pollen was let to germinate at laboratory 
conditions (see above) for 40 min. Pollen adhesion to the stigmatic surface and germination 
rate were then assessed (see infra). Both experiments were replicated three to six times. 

2.7. NMs’ Effect on the Stigmatic Surface 

Three CTRL and treated stigmas were excised, attached to aluminium stubs, and observed 
using an SEM (Quanta250 SEM, FEI, Oregon, USA) operated in environmental mode 
(ESEM) collecting secondary electrons. The working distance was adjusted to obtain the 
suitable magnification, the accelerating voltage was 30 kV, and the pressure was set at 90 
Pa. The entire stigmatic surface of each sample was examined to find potential signs of 
damage by taking 20 images per sample. 

2.8. Pollen Detachment from the Stigmatic Surface 

The presence of a very thin, powdery material might interfere with the adhesion of pollen 
deposited over the stigmatic surface, increasing pollen detachment from the latter and then 
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decreasing the pollen germination rate. To evaluate both effects, we used the aniline blue 
staining protocol of Herburger and Holzinger [39]. After the germination period, CTRL and 
treated stigmatic lobes were immersed for 20 min in 5 mL of 8 N NaOH solution at 60 °C. 
Afterwards, NaOH was removed and the lobes were washed three times with 5 mL of dH2O 
for five minutes to remove the remaining NaOH. The NaOH solution and dH2O used for 
washing were pooled separately for each lobe and centrifuged at 6000× g to pellet-detached 
pollen. Following this, 18 mL of the supernatant were discarded and a 200-µL aliquot of the 
remaining suspension was observed at the light microscope to count the pollen and, thus, 
estimate those detached from the stigmatic lobes. 

2.9. In Vivo Pollen Germination on Stigma 

After the abovementioned washing procedure, the stigmas were embedded with a 
mounting medium (Killik, Bio-Optica, Milano, Italy) and then sliced with a Leica CM 1510 
S cryostat (Leica microsystems®, Wetzlar, Germany) to obtain 150-µm-thick cross-sections. 
These (n = 28 ± 3) were transferred over polysine glass slides (Menzel Gläser™, Thermo 
Fisher Scientific, Waltham, MA, USA), dehydrated at room temperature, and then washed 
with dH2O to remove the mounting medium. The slices were then stained with aniline blue 
for five minutes, washed to remove the excess of stain, and observed with the 
abovementioned epi-fluorescence microscopy system. Pollen germination over the 
stigmatic surface was evaluated on the digital images were acquired with the Fiji software. 
For each sample, 193 ± 32 pollen grains were counted from randomly chosen images to 
calculate the percentage of germinated pollen (approx. 1100 pollen grains counted per 
treatment). 

2.10. Statistical Analysis 

Data calculations were performed using Microsoft® Excel® 2016 (Excel®, version 
16.0.12527.206120, Microsoft 365®; version 18.2006.1031.0; Microsoft, Redmond, 
Washington, DC, USA, 2016). The add-on package PERMANOVA+ [40] of Primer software 
(Primer, version 7, software for univariate and multivariate statistical analysis, Primer-E 
Ltd, Plymouth Marine Laboratory, Plymouth, UK, 2015) was used to perform multi-
dimensional scaling (MDS), permutational multivariate analysis of variance 
(PERMANOVA) routine, and Monte Carlo test [41]. 

3. Results and Discussion 

3.1. NMs’ Characterization 

The physical-chemical analyses of FLG confirmed the good quality of the material: The 
Raman spectrum showed the classical two most intense peaks of FLG appearing at ~1580 (G 
band) and ~2700 (2D band) cm−1 (Figure S2a). The average ratio between the intensity (I) of 
2D and G bands (I(2D)/I(G)) was 0.43, consistent with the value (<1) usually assigned to FLG 
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[42,43]. The occurrence of a further band with a peak at ~1345 cm−1 (D band) (Figure S2a) 
suggests the existence of some defects on the graphene lattice, likely related to gaps at the 
margin of nanometric sheets [44]. Nevertheless, the average I(D)/I(G) was 0.46, indicating a 
low level of defects. This was corroborated by both TGA [45] and the elemental composition 
(Figure S2c, Table S1); indeed, FLG was made of C for more than 95%. 
FLG flakes had lateral dimensions ranging from 50 to 950 nm, with an average of 509 ± 233 
nm (Figure S2e); flakes with a lateral dimension smaller than 200 nm were 7.4% of the total 
(Figure S2g). AFM measurements revealed that FLG NM had a thickness from 3 to 12 nm 
with an average of 5 ± 2 nm (Figure S3). However, data from literature revealed a large 
disparity between AFM measurements for a graphene layer, with thicknesses ranging from 
0.35 nm to 1 nm relative to the SiO2 substrate [46–48]. This is mainly due to the difficulty in 
depositing FLG from solvents without observing reaggregation and to experimental 
artefacts and contaminations that may affect AFM measurements. For this reason, Raman 
spectroscopy measurements of FLG thickness are preferable as it is commonly accepted that 
the thickness of few-layer graphene nanosheets is reflected in the shapes of their 2D Raman 
bands (around 2700 cm−1) [49]. Accordingly, applying the equations of Coleman and 
collaborators [50], Raman results corroborated by AFM measurements suggested that our 
few-layer graphene consisted of flakes with an average thickness of 3–4 layers [49]. 
MICA was selected for its similarity to FLG, having a planar structure a few atoms thick and 
an analogous outstanding surface/volume ratio [51] but differing in elemental composition 
[32]. XRPD analysis confirmed the identity of the mineral sample, showing peaks at 8.8°, 
17.8°, and 26.8° (Figure S2b) [52]. The EDX spectra revealed the presence of Si, Al, O, and K 
of original muscovite with substituents usually present in its skeleton (Na, Mg, Ca, Fe) and 
further elements less common in phyllosilicates (C, F, and Ne) (Figure S2d) [53] but with 
scarce to no toxicity on plant tissues [54]. The presence of C might be related to a residual of 
the stub used in sample analysis (see Section 2.2), whereas that of Ne appeared only in one 
case. F and Ne signals disappeared after the milling process, whereas Fe traces occurred in 
all the spectra (Figure S2d), seemingly as a consequence of the steel balls’ abrasion during 
the milling process. The MICA powder was a mixture of micro- and nanocrystals. The latter 
accounted for c. 80% of the total and had a maximum lateral size dimension of 344 ± 249 nm 
(Figure S2f). Of these, 32.5% had a lateral dimension lower than 200 nm (Figure S2h). MICA 
nanocrystals had a thickness ranging from 3 to 50 nm with an average of 16 ± 13 nm (Figure 
S3). For this material, the height of a monolayer was around 1 nm [55], therefore the AFM 
analysis evidenced that MICA nanocrystals were thicker than FLG. 

3.2. Effects of Planar Materials on Pollen Viability 

The pollen is the plant microgametophyte and has the fundamental role of carrying the male 
genetic material intact to the ovule where the fertilization of the egg cell(s) takes place. 
Therefore, any harmful effect on pollen might result in a decreased success of reproduction 
[56,57]. The viability of CTRL and treated pollen progressively decreased over time (Figure 
1). No statistically significant differences were observed among treatments and time points 
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(Table S2). This phenomenon is in accordance with previously reported data for this species, 
which has recalcitrant pollen [34,36]. Neither FLG nor MICA affected C. pepo pollen viability. 
In the case of FLG, similar results were reported for the pollen of C. avellana and N. tabacum 
[14,15]. There are few studies reporting damage to plant cells or tissues by FLG exposure, 
ascribing these effects to the hardness of the FLG flakes that can cut through membranes 
[58] and, seldom, cell walls [59]. In the case of MICA, the only (eco)toxicological studies 
available focus on animals and show minor damage both for in vitro and in vivo conditions 
[29,30], as well as for MICA nanocrystals [29]. However, pollen possesses a thick barrier, i.e., 
the double pollen wall, consisting of a thin, delicate, inner wall of unaltered cellulose 
(endospore or intine) and a tough, resistant, two-layered outer wall (the exospore or exine) 
composed largely of an exceptionally resistant biopolymer, sporopollenin, eventually 
covered with waxes, glycolipids, and proteins [60]. As previously shown [15], the highly 
specialized pollen wall can efficaciously prevent the internalization of FLG or other 
materials as MICA, even when at a nanometric size. 
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Figure 1. (a) Viability of Cucurbita pepo L. pollen in untreated (CTRL) and few-layer graphene (FLG)- 
or muscovite mica (MICA)-treated samples during six hours’ incubation at 2 mg of nanomaterials 
(NMs) per g of pollen; (b) the same at 0.5 mg of NMs per g of pollen. Pollen viability is expressed as 
a percentage of the viability of freshly harvested pollen (n = 200). Values are means ± s.d. (n = 3–4). 
Statistical analysis did not reveal significant differences among treatments for any time points 
(PERMANOVA, P-perm > 0.05, for both concentrations; for more details, see Table S2). 

3.3. Interaction of MICA and FLG with the Stigmatic Surface 

The stigma strictly controls the conditions for pollen self-recognition (proteins, lipids, etc.) 
and germination, stimulating or inhibiting it through the control of osmolarity, pH, Ca2+ 
concentration, etc. [17,61,62]. Consequently, any defect or impairment of the stigmatic 
surface can affect the pollination process and, eventually, the plant reproduction. Indeed, a 
damaged stigmatic surface could release intracellular fluids containing stabilizing and/or 
reducing substances, as observed in the leaves’ extracts of C. pepo [63]. These substances may 
change not only the stigmatic environment but also the NMs’ properties, either increasing 
or reducing possible toxic mechanisms. 
The stigmatic surface of C. pepo is a complex structure made of finger-like-shaped cells 
forming clump-like structures, the so-called stigmatic papillae (Figure 2a and Figure S4a,b). 
ESEM observations revealed that NMs deposited on the stigmas did not affect the integrity 
of their surface, as the papillae maintained the original shape or were found just slightly 
agglutinated (Figure 2b,c and Figure S4c,d); no wilted cells or cytoplasmic leachates were 
observed. Studies on the effect of depositions over the stigmatic surface are very few, and 
only Zhang and collaborators [23] tested the deposition of insoluble soil particulate matter. 
These authors reported that the exposure of Pistacia vera (pistachio plant) flowers to soil dust 
caused wilting of the stigma and collapse of the stigmatic papillae. A direct comparison 
between these observations and the results reported here is difficult because the only 
characterization of the dust applied to the P. vera flowers was the size of the dust particles 
(20 µm in diameter), but not their physicochemical properties. It is widely recognized that 
salts or toxic elements adsorbed on particulate surfaces as well as the presence of functional 
groups, dimensions, and geometry of particles are very important factors in determining 
toxic effects [64]. One of the main reasons for the different results obtained may be related 
to the biology of the species tested. C. pepo has a dry stigma [65], i.e., it does not secrete any 
fluid on its surface when ripened, whereas pistachio has a wet stigma [65]. The presence of 
a liquid layer coating stigmatic papillae might dissolve salts, causing dissociation of weakly 
bound ions from the particle surfaces, making these more reactive toward the surrounding 
environment. Indeed, when the stigmas were coated with dust contaminated with a 
herbicide in the abovementioned work, the papillae were completely decomposed [23]. 
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Figure 2. (a) SEM micrographs of stigmatic surfaces of Cucurbita pepo L. female flowers treated for 
three hours without nanomaterials (CTRL); (b) with 1 mg of few-layer graphene (FLG); (c) with 1 mg 
of muscovite mica (MICA). Stigmatic papillae are indicated with arrows, nanomaterials with 
arrowheads. Bars = 100 µm. For further images, see Figure S4. 
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3.4. Pollen–Stigma Adhesion in the Presence of FLG and MICA 

The last step of pollination is the adhesion of the pollen grain to the stigmatic surface [17,62]. 
Powdery materials deposited on stigmas might interfere with pollen adhesion, although the 
C. pepo pollen is very rich in pollenkitt, a viscous substance that glues the grains to the 
papillae [56,66]. In each pollen load, around 4000 pollen grains were brushed on the 
stigmatic surface of each sample. In CTRL samples, not all the loaded pollen adhered tightly 
to the stigmatic surface, as 447 ± 170 (c. 10%) pollen grains detached (Figure 3a) during the 
washing steps (see Section 2.7). The number of grains detached from FLG- and MICA-
treated samples were 1093 ± 207 and 924 ± 317, respectively, statistically increasing in respect 
to CTRL only in the case of FLG (CTRL vs. FLG pairwise: p = 0.016, Monte Carlo post hoc 
test for pairwise comparisons) (Table S3). However, no statistically significant differences 
(pairwise p > 0.4) were found between MICA- and FLG-treated samples. In other words, the 
presence of a powdery material decreased the pollen adhesion to the stigmatic surface 
independently of the chemical composition/properties of the materials. 
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Figure 3. (a) Pollen detachment from pristine (CTRL) stigmatic surface of Cucurbita pepo L. or 
pretreated with 1 mg of few-layer graphene (FLG) and muscovite mica (MICA) for three hours. Pollen 
detachment was evaluated after 40 min from pollination on the washing solutions derived from the 
application of the aniline blue staining protocol (for more details, see chapter 2.8); (b) percentage of 
germinated pollen still adhered on stigmatic lobes treated as in (a), values are means ± s.d. Statistically 
different groups are marked with different letters (PERMANOVA, Monte Carlo post hoc test; for 
more details, see Table S3). 

Though this pollination step is very important [17,62], little is known about pollen–stigma 
bonding and the factors affecting it [67]. Indeed, the few available studies focused only on 
the strength of this bond. Furthermore, most works that studied the effect of dust-like 
deposition on plant reproduction tended to focus on fruit production [24,68,69] rather than 
on the stigma–pollen interaction [22,23]. C. pepo is a model plant for pollination experiments 
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[31]; nonetheless, its flowers have a short opening time [34]. Thus, it is improbable that 
significant amounts of airborne NMs might land onto its stigmatic surface. The situation 
may change for long-lasting flowers that can endure up to one month before wilting, such 
as anemophilous species with stigma unprotected by sepals and specialized in intercepting 
aerodisperse pollen [70]. These flowers might be more sensitive to airborne NMs. Indeed, 
the longer a flower remains exposed to air, the higher the chance that stigmas intercept NMs 
to amounts that could potentially decrease the chances of fertilization success [71]. 

3.5. In Vivo Pollen Germination on Stigma Exposed to NMs 

The presence of powdery materials on the stigmatic surface may also interfere with further 
steps of the pollen–stigma interaction, e.g., by modifying chemical signals inducing pollen 
germination. The germination rate on the stigma of CTRL samples was 59 ± 5% (Figure 3b), 
very similar to that reported for this species (71 ± 17%) [70]. However, germination on FLG- 
and MICA-treated samples significantly decreased to 24 ± 5% and 32 ± 12%, respectively 
(pairwise p > 0.002, Monte Carlo post hoc test for pairwise comparisons). Similarly to the 
pollen detachment results, FLG had a slightly stronger effect on germination than MICA, 
but the difference was not statistically significant (PERMANOVA p > 0.3, Table S3). After 
three hours, the pollen tubes generally penetrated deep into the pristine stigmatic tissues 
(Figure 4a), far less in those treated with FLG and MICA (Figure 4b,c). 
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Figure 4. (a) Fluorescence micrographs of stigmatic surfaces of hand-pollinated Cucurbita pepo L. 
female flowers treated for three hours without nanomaterials (CTRL); (b) with 1 mg of few-layer 
graphene (FLG); (c) with 1 mg of muscovite mica (MICA). Aniline blue staining protocol was applied 
40 min after pollination (for more details, see text). Pollen tubes are indicated with arrows, pollen 
grain with arrowheads, and FLG with asterisks. Bars = 100 µm. 
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Our results are in accordance with the findings of Candotto Carniel et al. [15]: Both studies 
indicate that FLG caused a decrease in pollen germination. However, material 
administration modalities (liquid suspension vs. dry application, in vitro vs. in vivo, FLG 
concentrations) and pollination biology of the tested species (C. pepo vs. C. avellana) were 
quite different. Furthermore, the similar decrease of pollen germination observed on MICA-
treated samples suggests that the underlying mechanism is also different and not strictly 
related to the chemical properties of the material. Indeed, our NMs affected neither pollen 
viability nor stigmatic surface integrity. In addition, possible chemical interactions with 
NMs, such as release or binding of ions as reported for Ag-, Pd-, and Fe-oxide nanoparticles 
[15,72–75], would be limited as C. pepo stigma is of the dry type. These arguments, together 
with the results on pollen detachment, allow us to hypothesize that NMs physically hinder 
the contact between pollen and stigma, affecting the signalling mechanisms and, 
consequently, the germination stimulus. In other plants, the removal of the substances at 
the base of this stimulus resulted in partial or total inhibition of in vivo germination 
[17,76,77]. 

4. Conclusions 

In this study, the possible impact of FLG was verified on a biological process essential for 
terrestrial ecosystems, i.e., the sexual reproduction of seed plants. The possible negative 
effects of this material were verified on the pollen viability, stigma integrity, and pollen 
adhesion and germination on the stigmatic surface of a model species in pollination studies, 
C. pepo. Importantly, we used MICA for comparison, a phyllosilicate with a layered 
structure similar to GRMs that was conveniently treated to be dimensionally similar to FLG. 
Neither pollen viability nor stigmatic surface integrity were affected by the tested NMs. 
Nonetheless, both of them equally reduced pollen adhesion and germination on the stigma. 
These effects were likely caused by the interposition of flakes and/or crystals between pollen 
and stigma, affecting, de facto, their interaction. Our samples were exposed to relatively 
high amounts of NM powders unlikely to occur in the environment. However, the use of 
such amounts allowed possible effects of NM depositions on stigmas to be highlighted, 
paving the way for future investigations on anemophilous species. Importantly, in this 
study, the comparison with MICA highlighted that FLG can be considered as safe as a 
naturally occurring planar NM, not uncommon in soil particulate matter. However, before 
excluding FLG from the ecotoxicologically relevant substances for seed plants, 
biodistribution and transformation in the plant body [78,79] still need to be thoroughly 
investigated. 

Supplementary Materials: Figure S1: Nanomaterials’ characterization, Figure S2: AFM characterization, Table 
S1: Elemental characterization of FLG, Figure S3: Stigmatic surfaces treated with FLG, MICA, and control, Table 
S2: PERMANOVA results of pollen viability, Table S3: PERMANOVA results of pollen detachment from the 
stigma and % of pollen in in vivo germination, Figure S4: SEM micrograph of stigmatic papillae. 
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Supplementary Information 

  
Figure S1. (a) Cucurbita pepo L. stigmas treated without nanomaterials (CTRL); (b) with 1 mg of few-
layer graphene (FLG); (c) with 1 mg of muscovite mica (MICA). Bar = 2 mm. 
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Figure S2. Physical–chemical characterization of few-layer graphene (FLG, left column) and 
muscovite (MICA, right column): (a) average Raman spectra; (b) X-ray powder diffraction; (c) 
thermogravimetric and elemental analysis; (d) energy dispersive X-ray (EDX) analysis; (e, f) lateral 
size distribution of sheets (n > 80); (g) representative TEM image of FLG; (h) representative TEM 
image of MICA. 
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Figure S3. Atomic force microscopy (AFM) characterization of few-layer graphene (FLG, left column) and 
muscovite (MICA, right column): (a) representative AFM images of FLG flakes; (b) representative AFM images 
of MICA nanocrystals; (c) height profile of (a); (d) height profile of (b); (e) thickness distribution of FLG flakes; 
(f) thickness distribution of MICA nanocrystals (n = 20 for (e) and (f)). 
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Table S1. Total reflection X-ray fluorescence (TXRF) elemental analysis of few-layer graphene (FLG). 

 Element Line 
Concentration 

mg/L 
Sigma/ 
mg/L 

RSD/ 
% 

LLD/ 
mg/L 

Net Area Background Chi  

                      
 Al K12 00.44 00.18 42.0 00.38 121 1224 1.44  
 Si K12 69.98 00.41 00.6 00.16 44845 1214 4.24  
 S K12 0.905 0.029 03.3 0.044 2130 1189 1.81  
 Cl K12 0.039 0.013 34.2 0.027 149 1225 0.88  
 K K12 0.089 0.007 07.3 0.012 755 1105 0.97  
 Ca K12 0.503 0.009 01.8 0.010 5154 1184 0.54  
 Ti K12 6.396 0.025 00.4 0.005 125219 1245 1.50  
 V (IS) K12 2.000 0.011 00.6 0.003 49353 795 1.66  
 Fe K12 0.019 0.001 05.0 0.001 894 523 0.86  
 Ni K12 0.014 0.001 04.7 0.001 966 497 0.99  
 Cu K12 0.017 0.001 03.8 0.001 1361 586 0.84  

 Zn K12 0.054 0.001 01.6 0.001 5071 465 1.38  
 Br K12 0.002 0.000 10.6 0.000 353 507 1.26  
 Sr K12 Not det.   0.001 1 1353 3.78  
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Table S2. Permutational multivariate analysis of variance (PERMANOVA) comparison of Cucurbita pepo L. pollen viability of untreated (CTRL) and few-layer 
graphene (FLG)- or muscovite mica (MICA)-treated samples at 2 and 0.5 mg per g (fresh weight) of pollen after 15 (T1), 45 (T2), 90 (T3), 180 (T4), and 360 (T5) 
minutes. Values are reported as mean ± s.d. N: Number of replicates per single treatment; Pseudo-F: Statistic computed for the single factor (for more details see 
text) by PERMANOVA; P(perm): Permutation p-value; statistically different groups (Monte Carlo post hoc test) at the same time point are marked with different 
letters [for P(perm) < 0.05]. 

 Treatment   Viability (%) Pseudo-F P(perm)  

                             
                 
  N T0 T1  T2  T3  T4  T5     

                             
                 
 at 2 mg g−1             2.3219 0.1021  
  4 100 ± 8.1              
 CTRL 4  80.6 ± 12.4 a 81.3 ± 8.2 a 81.4 ± 12.8 a 76.3 ± 13.4 a 74.9 ± 6.2 a    
 FLG 4  72.2 ± 5.1 a 67.5 ± 12.3 a 59.0 ± 20.9 a 56.8 ± 15.9 a 60.1 ± 13.9 a    
 MICA 4  73.4 ± 4.0 a 72.8 ± 11.7 a 75.5 ± 1.8 a 72.0 ± 12.9 a 57.6 ± 21.2 a    

                           
                 
 at 0.5 mg g−1             0.54628 0.6065  
  4 100 ± 8.5              
 CTRL 4  81.5 ± 12.0 a 79.2 ± 13.4 a 73.1 ± 13.1 a 15.6 ± 15.5 a 74.3 ± 11.8 a    
 FLG 4  74.9 ± 8.7 a 76.0 ± 7.9 a 71.0 ± 12.0 a 71.1 ± 16.3 a 57.9 ± 13.4 a    
 MICA 3  84.9 ± 13.9 a 81.0 ± 12.7 a 74.3 ± 9.4 a 74.9 ± 14.3 a 71.1 ± 21.4 a    
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Table S3. Permutational multivariate analysis of variance (PERMANOVA) comparison of pollens detached (Detachment) and pollen germination percentage 
(Germination) on stigmas from pristine (CTRL) stigmatic surface of Cucurbita pepo or pretreated with 1 mg of few-layer graphene (FLG) and muscovite (MICA) for 3 h. 
Pollen detachment was evaluated after 40 min from pollination on the washing solutions derived from the application of the aniline blue staining protocol; after the same 
period, pollen germination was assessed on cross-sections of washed stigmas (for more details, see text). Values are reported as mean ± s.d.; N: Number of replicates per 
single treatment; Pseudo-F: Statistic computed for the single factor by PERMANOVA; P(perm): Permutation p-value; statistically different groups (Monte Carlo post hoc 
test) are marked with different letters [for P(perm) < 0.05]. 

 Treatment Pseudo-F P(perm)  Detachment  Pseudo-F P(perm)  Germination   
                         
             
  5.883 0.059 N   28.21 0.001 N    
             
             
 CTRL   3 447 ± 170  a   6 59.0 ± 4.51 a  
 FLG   3 1093 ± 207  b   5 23.7 ± 5.24 b  
 MICA   3 924 ± 317  ab   6 31.6 ± 12.3 b  
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Figure S4. (a, b) SEM micrographs of stigmatic papillae of Cucurbita pepo female flowers treated for three hours 
without nanomaterials (CTRL); (c) with 1 mg of few-layer graphene (FLG); (d) with 1 mg of muscovite mica 
(MICA). Stigmatic papillae are indicated with arrows, germinating pollen grain with an asterisk, nanomaterials 
with arrowheads. Bars = 100 µm. 

 



 

55 
 

  



 

56 
 

The Interaction of Graphene Oxide with the Pollen−Stigma 
System: In Vivo Effects on the Sexual Reproduction of 
Cucurbita pepo L. 
Published on: Applied Sciences, Vol.11; Issue 13 (2021) 
© MDPI; Received: 1 June 2021 Accepted: 29 June 2021 Published: 2 July 2021 

Davide Zanelli, Fabio Candotto Carniel * and Mauro Tretiach 

Department of Life Sciences, University of Trieste, via L. Giorgieri 10, I−34127, Trieste, Italy;  
davide.zanelli@phd.units.it (D.Z.); tretiach@units.it (M.T.) 

* Correspondence: fcandotto@units.it; Tel.: +39-(040)-558-3879 

Abstract: Applications involving graphene-related materials (GRMs) are becoming very common, raising 
concerns for their environmental impact. GRMs induce various effects on plants, but those on the sexual 
reproduction are still largely unknown. Here, the effects of graphene oxide (GO) and GO purified from 
production residues (PGO) were tested in vivo on the stigma of Cucurbita pepo L. ssp. pepo "Greyzini" (summer 
squash). Stigmas were exposed to GO or PGO for three hours and were then analyzed by environmental 
scanning electron microscopy to verify possible alterations to their surface. Stigmas were then hand-
pollinated to verify the effects of the two GOs on pollen adhesion and germination on the stigma, and, 
subsequently, on the development of fruits and seeds. Severe damages to the stigma were not detected; 
nevertheless, both pollen adhesion and germination on the stigma decreased. Moreover, fruits developed 
defectively with signs of necrosis in the case of GO, whereas fruits did not ripen in the case of PGO and 
ovules did not develop seeds after both GOs treatments. These results highlight different mechanisms of 
interaction of the two materials with the pollen-stigma system, suggesting a possible negative impact of GO 
on the sexual reproduction of other seed plants. 

Keywords: fruit development; flowers; nanomaterials; particulate matter; pollen germination; seed 
development; stigmatic surface 

 

1. Introduction 

In 2004, the isolation of the first monolayer of graphene [1] kindled the research interest in graphene-
related materials (GRMs) [2]. Their extraordinary chemical and physical properties boosted many 
fields of innovative technology, from opto-electronics and medicine to materials for the automotive 
industry and constructions [3,4]. To date, GRM-enriched products, such as tires, asphalts, and sports 
equipment, are in an advanced stage of development and have already reached markets and civil 
society (for a list see www.graphene−info.com, accessed on 01 June 2021). 

Despite their advantages, GRM-enabled products are subjected to degradation and breakage 
and will be disposed of at the end of their life cycle. This could lead to an unintended and 
undesirable release of GRM nanoparticles into the environment. Moreover, applications involving 
a direct voluntary release of GRMs into the environment are under development, such as GRM-
composites used as pesticides [5,6], plant fertilizers [7–9], sand improvers for soil remediation [10], 
and drug enhancers [11]. GRM nanoparticles are extremely lightweight, thus, once dispersed in the 
atmosphere, they can be transported for very long distances, as described for carbon black in fine 
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and ultrafine particulate matter (PM) [12]. These nanoparticles could settle on soil, water bodies, or 
vegetation with still unknown repercussions on organisms and the functionality of ecosystems. 

So far, literature reported both positive and negative effects of GRMs on seed plants, possibly 
owing to different experimental conditions (materials, concentrations, exposure time, protocols, 
etc.), plant developmental stages (seed, seedling, adult plants, etc.), and/or species tested [13,14]. 
Notably, the aboveground organs of seed plants, such as leaves and flowers, act as natural traps for 
airborne PM [15,16], potentially including GRMs. Landing on flowers, airborne GRMs might affect 
one of the most important biological processes for life on Earth, i.e., the sexual reproduction of seed 
plants. 

Recent in vitro studies demonstrated that few-layer graphene (FLG) and graphene oxide (GO) 
impair pollen tube emergence and, in the case of GO, pollen tube growth in Corylus avellana L. 
(common hazel) and Nicotiana tabacum L. (tobacco plant) [17,18]. It was hypothesized that FLG might 
mechanically impair/damage the germination pore and affect the intracellular redox homeostasis of 
the pollen. However, in a following in vivo study on Cucurbita pepo L. (summer squash) flowers [19], 
it was shown that FLG did not injure the structure of stigmas and pollen grains but affected pollen 
adhesion and germination over the stigmatic surface. Importantly, these effects were comparable to 
those of a naturally occurring 2D-nanomaterial (2D-NM), i.e., muscovite mica. Differently, the 
effects of GO on pollen were mainly related to the oxygen functional groups (e.g., carboxylic, epoxy 
oxydrilic) present on the GO lattice which makes GO acidic and able to bind/immobilize important 
cations, such as Ca2+, for pollen tube germination and elongation [18]. 

On the basis of these premises, in this study we tested the hypothesis that GO might be 
potentially more hazardous than FLG to the sexual reproduction of seed plants as it could alter the 
conditions of the stigmatic environment, leading to unsuccessful pollen germination and, 
consequently, hindering the fertilization process. To verify this, stigmas of Cucurbita pepo L. ssp. pepo 
“Greyzini”, a crop that is a model species for pollination studies [20], were exposed to GO and GO 
purified from production residues (PGO). At first, the GO effect on stigmatic surface integrity and 
on pollen adhesion and pollen germination was tested. Subsequently, the effect on fruit and seed 
production was assessed. 

A better understanding of the possible negative effects of GO on the sexual reproduction of seed 
plants would help us to predict future scenarios and perhaps to adopt measures to engineer safely 
designed GRMs and derived applications. 

2. Materials and Methods 

2.1. GO and PGO Characterization 

Graphene oxide (batch #GOB067) was kindly supplied by Graphenea (San Sebastián, Spain). A 
complete characterization of the material was reported by Fusco and co-authors [21] and a brief 
elemental analysis performed with a LECO CHNS−932 analyzer (LECO Corporation, St. Joseph, MI, 
USA) showed average values of 59.40 ± 0.10% C, 1.40 ± 0.10% H, 0.07 ± 0.02% N, < 36.6% O, and 2.50 
± 0.10% S. Raman spectroscopy performed with an inVia Raman Microscope (Renishaw, Wotton-
under-Edge, UK) revealed the two characteristic D and G bands of GO, with their maxima located 
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at ~1350 and ~1600 cm−1, respectively. Lateral dimension was evaluated by laser diffraction in the 
GO slurry in the range from 6000 to 30,000 nm, with an average of 15,100 ± 400 nm. X-ray diffraction 
(XRD) analysis was performed on a GO dry film, revealing flakes with an average thickness of six 
layers. GO was firstly synthesized in acidic media (H2SO4) and then dispersed in water. To remove 
acidic residues due to the production process, purification was performed by repeated washings in 
distilled water, each followed by a centrifugation step at 4800× g. After purification, only around 2% 
of the starting S remained in the purified GO (PGO), mostly as SO42− [22]. The acidity of the materials 
used in this study was verified with a HI5521 pH meter equipped with a HI1131B electrode (Hanna 
Instruments Italia s.r.l., Padua, Italy); data are reported in Table 1. 

Table 1. pH of dH2O with graphene oxide (GO) and purified GO (PGO) at concentrations of 25, 50 and 100 µg mL−1; 
values are reported as means ± s.d. (n = 3). 

Materials Concentration pH 
GO 25 4.62 ± 0.08 
 50 3.86 ± 0.01 
 100 3.53 ± 0.10 
PGO 25 5.90 ± 0.38 
 50 5.82 ± 0.17 
 100 5.82 ± 0.32 

2.2. Plant Material and Exposure to GO 

Seeds or young plants of Cucurbita pepo L. ssp. pepo “Greyzini” were purchased from Salto di Fondi-
Società Cooperativa Agricola A.r.L. (Fondi, Italy) and were greenhouse-cultivated (18–22 °C) in the 
Botanical Garden of the University of Trieste from January to March and from February to April 
2020. Plants were watered once a day with a ground-based automatic irrigation system, fertilized 
(Concime universale Asso di Fiori, Cifo, S. Giorgio di Piano, Italy), and treated with antimycotics 
(Azupec 80WG, Ascenza Agro, Torres Vedra, Portugal and Jupiter WG, Isagro Spa, Adria, Italy) 
every two weeks. 

Receptive stigmatic surfaces of C. pepo were exposed to GO and PGO applying all the needed 
efforts to assure workplace safety. For the experiments on stigma and pollen-stigma interaction, six 
pistils from six diverse individuals were excised, placed on a petri dish filled with 5 mL of agar gel, 
and kept at laboratory conditions (dim light and 21 °C). One stigma per each pistil was just brushed 
(control samples: CTRL; n = 6) or coated with 1 mg of either GO or PGO (treated samples; n = 6) 
using a paintbrush according to Zanelli and colleagues [19], and then kept at laboratory conditions 
before further processing for three hours, i.e., as long as C. pepo female flowers remain open [19]. 
Preliminary tests indicated that brushing the stigmatic surface with a paintbrush did not affect 
stigmatic surface integrity, pollen-stigma interaction, and the subsequent fruit and seed production. 
For the experiments on fruit and seed production, three to five pistils, each from a different 
individual, were left on the mother plant. In this case, all three stigmas of each pistil were treated as 
described above. 
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2.3. ESEM Screening of Stigmatic Surfaces 

Three CTRL and three treated stigmas were excised, attached to aluminium stubs, and observed 
using a Quanta250 SEM (FEI, Oregon, USA) which operated in an environmental mode (ESEM) to 
collect secondary electrons (accelerating voltage: 30 kV; chamber pressure: 90 Pa). The entire 
stigmatic surface of each sample was examined and 10-15 micrographs per sample were taken. 

2.4. Pollen Adhesion and Germination over the Stigmatic Surface 

CTRL and treated stigmas were hand-pollinated with 3 ± 0.5 mg of pollen (corresponding to 2407 ± 
541 pollen grains) using a paintbrush. Pollen was harvested from C. pepo male flowers (n ≥ 7) ~2:30 
h after flower blossoming (~7:30 am) and its viability was assessed by the fluorescein diacetate 
(Sigma-Aldrich, Munich, Germany) fluorochromatic reaction [23], counting at least 200 pollens. 
Only pollen aliquots with viability higher than 80% were used. Pollen was gently and 
homogeneously brushed on a 4 × 4 mm spot using a greaseproof paper frame. Afterwards, pollen 
was let to germinate at laboratory conditions for 40 min. Pollen adhesion and germination onto the 
stigmatic surface were assessed following the protocol described in Zanelli and colleagues [19]. 
Pollen adhesion was estimated as follows: adhesion = number of pollen grains deposited minus 
number of pollen grains detached from the stigmatic surface (n = 6). The germination rate was 
expressed as % of germinated pollen still adhering to the stigma (n = 6) by counting, when possible, 
at least 200 pollen grains per stigma. 

2.5. Fruit Biometrics and Seed Production 

To verify the effect of GO on fruit and seed production, all three stigmas of one flower per plant (n 
= 3–5) were coated with GO or PGO or just brushed (CTRL). Hand-pollination was carried out, as 
explained above, ensuring an even distribution of pollen all over the three stigmatic lobes. Fruits 
that originated from flowers bearing treated stigmas (herein referred to as CTRL, GO and PGO 
fruits) were harvested five weeks after pollination. Fresh mass, length, and maximum circumference 
of fruits were measured. Thereafter, fruits were dissected to visually inspect their internal structure 
for possible defects and to collect and count seeds. The latter were rinsed in dH2O to remove 
residuals of the fruit pulp and left to dry out for 24 h before the analysis. 

2.6. Statistical Analysis 

Statistical analysis was performed using the software package Dplyr in R environment (R, version 
3.6.3., 29-2-2020, The R foundation for statistical analysis) [24]. Differences in terms of pollen 
adhesion and germination rates on the stigmatic surface, and fruit mass, length, circumference, and 
seed per fruit were assessed with generalized linear models (GLMs), assuming the treatments as 
categorical predictors. Differences among treatments were determined with the post-hoc pairwise t-
test, applying the Bonferroni adjusted method. 
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3. Results and Discussion 

The deposition of xenobiotics onto the stigmatic surface may have a negative effect on stigma-pollen 
interactions resulting in impaired fruit and/or seed production [25–27]. For example, fungicides 
decrease pollen germination but do not alter fruit production in blueberry [25], apple [28] and grape, 
whereas they do affect seed production in grape [29]. Differently, pesticides lower pollen 
germination but not seed production in onion [27]. The GO tested in this study is a commercial 
product available in the market with dimensions in between those of PM 10 and suspended powders 
with dimensions up to 30 µm but with a bi-dimensional geometry and lightweight that might lead 
to a longer time of permanence in the air. This might increase the chances of being intercepted by 
the aboveground organs of seed plants. Hence, in this study, the effect of a commercial GO and its 
purified version (PGO) was tested on stigma, pollen−stigma interaction, and fruit and seed 
production of C. pepo. 

The stigmatic surface of C. pepo is covered by clump-shaped structures made up of finger-like 
cells, i.e., the stigmatic papillae (Figure 1a,b). ESEM observations of CTRL samples revealed that the 
brushing of the stigmatic surface did not affect its integrity (Figure 1a). Papillae coated with GOs 
maintained their original shape even if they were slightly agglutinated and partially wilted at the 
apex. It is known that the direct interaction of GRMs with cells may cause physical damage, such as 
cuttings or piercings [30,31]. However, signs of severe damage as cytoplasmic leachates were not 
detected (Figure 1c,d), as already observed on the stigmatic surface of C. pepo coated with FLG and 
nanocrystals of the naturally occurring muscovite mica [19]. The absence of severe physical damage 
is in good agreement with previous works suggesting that the cell wall of plant cells is very difficult 
to damage and pierce through [18,32], even if the nanomaterials applied are very thin, have sharp 
edges, and their lateral dimensions are in the order of hundreds of nanometres. In fact, despite our 
GOs having lateral dimensions bigger than those of the NMs used in the previous study [19], it was 
as thin as FLG (6 vs. 3-4 layers, respectively) and thinner than muscovite mica (16 ± 13 layers). 
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Figure 1. SEM micrographs of stigmas of Cucurbita pepo L. coated with 0 (CTRL) (a,b) or 1 mg of graphene oxide 
(GO) (c) and purified GO (PGO) (d), and pollinated after three hours (for more details, see Sections 2.2 and 2.3). 
Stigmatic papillae, pollen grains and GO flakes/nanoparticles are indicated with arrows, asterisks, and 
arrowheads, respectively. Bars = 50 µm. 

 
Figure 2. Pollen adhesion (a) and pollen germination (b) observed on Cucurbita pepo L. stigmas coated with 0 
(CTRL) or 1 mg of graphene oxide (GO) and purified GO (PGO), and pollinated after three hours (for more 
details, see Sections 2.2 and 2.4). Values are means ± s.d. (n = 6 stigmas). Statistically different groups are marked 
with different letters (GLM analysis, followed by Bonferroni t-test for more details, see Table S1). 
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Figure 3. Fluorescence micrographs of stigmas of Cucurbita pepo L. coated with 0 (CTRL) (a) or 1 mg of graphene 
oxide (GO) (b) and purified GO (PGO) (c), and pollinated after three hours (for more details, see Sections 2.2 
and 2.4). Pollen tubes, pollen grains and GO flakes/nanoparticles are indicated with arrows, arrowheads, and 
asterisks, respectively. Bars = 100 µm.  

The presence of GO over the stigmatic surface might alter the interaction between pollen and 
stigma [19,33,34], affecting both pollen adhesion and germination. In our case, the presence of GO 
caused the slight modification at the apex of the stigmatic papillae described above. This might be 
caused by the reactivity of GO, conferred by the oxygen functional groups bound to the graphene 
lattice. However, a decrease in pollen adhesion and germination might depend also on a physical 
interposition of GO flakes between single pollen grains and the stigmatic surface. In CTRL stigmas, 
pollen adhesion was 70 ± 11% (Figure 2a), whereas it decreased to 58 ± 18% and 51 ± 5%, in GO- and 
PGO-coated stigmas, respectively. This difference was statistically significant with respect to CTRL 
only in the case of PGO (p < 0.05, post hoc t-test for pairwise comparisons) (Table S1). PGO flakes in 
contact with the stigma appeared less folded than GO ones (Figure 1c,d), which might have 
decreased the surface of contact and the strength of the pollen adhesion to the stigma. Differently, 
pollen germination significantly decreased from 65 ± 13% in CTRL stigmas (Figure 2b) to 17 ± 9% 
and 18 ± 19% in GO- and PGO-coated stigmas, respectively (Table S1). After three hours of 
germination, the pollen tubes generally penetrated deeper in the CTRL stigmatic tissues (Figure 3a) 
than in the GOs ones (Figure 3b,c). 

In vitro experiments reported that GO had an inhibitory effect on pollen tube emergence and 
elongation in C. avellana and N. tabacum, which was mainly caused by GO acidic properties [17]. 
However, considering that PGO had a sub-neutral pH (Table 1) and that the pH-neutral FLG and 
muscovite mica caused comparable results [19] to those of GO, the aforementioned effects might 
derive from a different interaction mechanism. Coating flowers of Pistacia vera L. with dust before 
pollination [35] decreased the production of fruits. The authors hypothesized that the dust at the 
interface between pollen and stigma impaired the chemical signalling occurring between them, thus 
lowering the number of pollen grains able to germinate and complete fertilization. This suggests 
that fewer pollen grains in contact with the stigma and a decreased pollen germination rate due to 
low pollen density over the stigmatic surface, i.e., a “pollen population effect” [36], are the cause of 
reduced fertilization success. Accordingly, experiments on pollen loading and dilution of pollen [37] 
showed that lowering the density of pollen grains over the stigma decreased the percentage of 
germinated pollen grains and, consequently, the development of fruits and seeds [38]. 
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The presence of reactive substances on the stigmatic surface can impair not only the quantity 
but also the quality of fruits. For P. vera, it was shown that the coating of flowers with dust reduces 
fruit size and increases parthenocarpy (i.e., production of fruits without fertilization of ovules) [35]. 
In this study, CTRL fruits had a mass of 437.1 ± 168.8 g, a length of 21.3 ± 3.1 cm, a circumference of 
26.1 ± 5.7 cm, and bore 37 ± 25 seeds per fruit. Differently, GO fruits developed defectively (Figure 
4c,d), with significantly lower fresh mass, length, and maximum circumference than CTRL fruits 
(Table S2). Furthermore, ovules that did not develop seeds, dead tissues, and cavities in the upper 
part of the ovary were also observed (Figure 4c,d, asterisks). This could be caused by the highly 
reactive residues (such as H2SO4, H2O2 or KMnO4) of the GO production process. Once in contact 
with the stigmatic surface, they might dissolve in the intercellular spaces and injure the underneath 
pericarp tissues. A similar effect was observed as a consequence of the depositions of active 
molecules and materials, such as herbicides [35], fungicides [39], pesticides [26], or cement-kiln dust 
[40], which can dissolve and release active compounds causing necrosis and blocking seed and, 
subsequently, fruit development. In the case of PGO, fruits never reached maturation (Figure 4e,f), 
because ovule fecundation did not take place. This is in accordance with the hypothesis that a 
physical interposition of planar NMs between pollen and stigma increased the “pollen population 
effect” and caused a reduced pollen load and a deteriorated pollen-stigma signalling, altering the 
fertilization process and, subsequently, fruit and seed production. 
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Figure 4. Photographs of 5-week-old fruits of Cucurbita pepo L., entire (left column) or dissected (right column), 
originated from stigmas coated with 0 (CTRL) (a,b) or 1 mg of graphene oxide (GO) (c,d) and purified GO (PGO) 
(e,f), and pollinated after three hours (for more details, see Sections 2.2 and 2.5). GO flakes/nanoparticles, seeds 
and dead tissues are indicated with arrows, arrowheads and asterisks, respectively. Bars = 2 cm. 

4. Conclusions 

In this study, the effect of GO interaction with the pollen−stigma system was verified on the entire 
reproduction process of the model plant, C. pepo., which is also an economically important vegetable. 
The stigmatic surface integrity was not compromised by GO; still, pollen adhesion and germination 
over the stigma decreased, fruit development was altered, and seed production was completely 
suppressed. The similar effect of GO and PGO and the comparable effect of further 2D-NMs (i.e., 
FLG and muscovite mica) support the hypothesis that the physical interposition of planar 
nanoparticles between pollen and stigma compromises the reproduction process by lowering the 
pollen load and affecting pollen-stigma signalling. However, the necrotic effect of GO on fruits also 
suggests a chemical interaction of this material (and its potential contaminants) with the plant 
tissues, similar to other reactive substances. Our samples were exposed to high amounts of GO 
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which were unlikely to occur in the environment in a plant whose flowers remain open for a few 
hours only. Nonetheless, this allowed us to highlight possible effects due to GO depositions on 
stigmas caused by very localized and abundant releases of these materials, such as sprays of GO-
based fungicides or pesticides. Future research should test quantities more similar to what is 
expected to be found in the environment and with techniques mimicking atmospheric dry 
depositions. Special attention should be focused on anemophilous plants, whose flowers remain 
exposed to airborne particulate for days or even weeks. 

Supplementary Materials: Table S1: GLM results of pollen adhesion % in in vivo germination, Table S2: GLM results of 
fresh mass, length, maximum circumference of fruits and number of seeds produced per fruit. 
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Supplementary information 
Table S1. GLM analysis for the effect of treatments on pollen adhesion or pollen germination rate (% of 
germinated pollen) on stigmas. See Materials and methods for treatments definitions. Values are reported as 
mean ± s.d.; n = 6; Pr > F: the probability that the table value for F is greater than the calculated value. Statistically 
different groups (post-hoc Bonferroni t-test) are marked with different letters. 

Treatment Pr > F Adhesion Pr > F Germination 

 0.0479  > 0.001  

CTRL  1684 ± 256 a  65.4 ± 12.7 a 

GO  1404 ± 422 ab  17.3 ± 8.7 b 

pGO  1222 ± 127 b  18.4 ± 18.9 b 
 

Table S2. GLM analysis for the effect of treatments on fresh mass (kg), length (cm), maximum circumference 
(cm) of fruits and number of seeds produced per fruit. See Materials and methods for treatments definitions. 
Values are reported as mean ± s.d.; n: number of replicates per single treatment; Pr > F: the probability that the 
table value for F is greater than the calculated value. Statistically different groups (post-hoc Bonferroni t-test) 
are marked with different letters. 

Treatment Pr > F n Fresh mass Pr > F n Length 
 0.0073   > 0.001   

CTRL  5 437.1 ± 168.8 a  5 21.3 ± 3.1 a 
GO  3 179.3 ± 144.4 ab  3 12.8 ± 4.4 b 

pGO  3 0.7 ± 0.3 b  3 5.2 ± 1.4 b 
       
   Circumference   Seeds per fruit 
 > 0.001   0.0261   

CTRL  5 26.1 ± 5.7 a  5 37 ± 25 
GO  3 18.9 ± 6.2 a  3 0 ± 0 

pGO  3 2.0 ± 0.5 b  3 0 ± 0 
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Abstract: The increasing use of graphene-related materials (GRMs) in everyday-life products raises concerns 
for their possible release into the environment and the consequent impact on organisms. GRMs have several 
effects on plants, but their interaction with the sexual reproduction is largely unknown. Here, stigmas of the 
model plant Cucurbita pepo L. (summer squash) were treated with graphene oxide (GO) and GO purified from 
production residues (PGO), using a new exposure modality to simulate dry depositions. Stigmas were then 
hand-pollinated and fruit and seed production and development were evaluated. GO and PGO did not affect 
fruit and seed production but GO depositions of 22.1 ± 7.2 ng mm-2 decreased seed dimensions. Analysis of 
integrity and pH buffering capability of the stigma and pollen-stigma interactions did not reveal negative 
effects, despite flakes adhering to the stigmatic papillae. The reduction in seed dimensions might be caused 
by production residues, such as strong acids and oxidants, present in GO but not in PGO. Our results show 
that depositions of GO up to 11.1 ± 3.6 ng mm-2, i.e., higher than the daily deposition of particulate matter in 
polluted industrial sites, are safe for C. pepo reproduction. This is the first "safety" limit of GO depositions for 
the reproduction of a seed plant ever recorded and, if confirmed for wind-pollinated species, it might be 
considered for policymaking of GRMs emissions in the air. 

 

Keywords: Air pollution; crops; emerging pollutant; flower biology; nanoparticles; production impurities. 

Environmental significance: Graphene-related materials (GRMs) have all the traits of emerging pollutants: 
they will be intensively produced and used, they might easily be dispersed in the air thanks to their 2D 
geometry and lightness, and they can have adverse effects on organisms. Once in the air, GRMs might settle 
on flowers and interact with the pivotal biological process of plant sexual reproduction. Here, a new method 
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was used to expose the crop and model plant Cucurbita pepo L. (summer squash) to simulated dry depositions 
of graphene oxide (GO) in amounts comparable to the particulate matter depositions of polluted industrial 
sites. This research established for the first time a "safety" limit of GO depositions for the sexual reproduction 
of a seed plant. 
 

1. Introduction 

The first monolayer of graphene was isolated in 20041, an event that kindled the research interest in 
graphene-related materials (GRMs)2. GRMs have extraordinary chemical and physical properties 
that lead to innovative applications in many fields of technology, from (opto-)electronics and 
medicine to materials for constructions and automotive3–5. Many GRMs-enriched products, such as 
concrete, tires, asphalts and sports equipment, have already reached markets and civil society6 and 
new ones will come soon. Indeed, the forecasted GRMs volume will be around 3,800 t y-1 in 20266, 
i.e., orders of magnitude higher than the actual production of other carbon-based nanomaterials 
(NMs)7. 

GRM-enabled products will offer undeniable advantages, but they will wear out, break, and 
might be improperly disposed of at the end of their life cycle. This will cause an involuntarily GRMs 
release into the environment. A voluntary, direct release is also predictable if applications of 
GRM-composites as paints and protective coatings8, pesticides9,10, plant fertilizers11–13, sand 
improvers for soil remediation14, and drug enhancers15 will reach the market. So far, despite GRMs 
nanoparticles have been recorded only in work places16,17, their emissions into the environment 
should be expected as already envisaged for other carbon-based NMs7.  

GRMs nanoparticles are exceptionally lightweight. Once into the atmosphere, they could cover 
very long distances, as observed for fine and ultrafine carbon black18, and then settle on soil, water 
bodies or vegetation with still unknown effects on the functionality of ecosystems. 

To date, literature offers contradictory findings on the effects of GRMs on seed plants, probably 
because of different experimental conditions (concentration, exposure, materials, protocols, time 
etc.), plant developmental stages (seed, seedling, adult plants etc.), and/or species tested19,20. It 
should be noted that the aboveground organs of seed plants (i.e., stems, leaves, flowers and fruits) 
can intercept airborne PM21 so they could act as natural traps for GRMs as well. Thus, once settled 
on flowers, GRMs might interfere with the fundamental process of sexual reproduction. 

Recently, in vitro studies revealed that two GRMs, few-layer graphene (FLG) and graphene oxide 
(GO), decrease pollen germination and (only GO) pollen tube growth in Corylus avellana L. (common 
hazel) and Nicotiana tabacum L. (tobacco plant)22,23. These effects were attributed to mechanical 
damage by FLG or to the oxygen functional groups of GO (e.g., carboxylic, epoxydic, oxydrilic), 
which can affect pH homeostasis and Ca2+ bioavailability22 in the growth medium. Successive in vivo 
studies highlighted that FLG, GO or GO purified from residues of the production process (PGO) 
reduced pollen adhesion and germination on the stigma of the crop and model plant Cucurbita pepo 
L. (summer squash), without injuring stigmas or pollen grains24,25. Notably, a naturally occurring 
2D-NM, i.e., muscovite mica, had a similar effect. GO and PGO affected also fruit and seed 
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development of C. pepo25, suggesting a chemical interaction between GO production impurities and 
pericarp tissues. 

The abovementioned studies highlighted for the first time an evident, negative effect of GO on 
the reproduction of a plant. However, the massive amounts of GRMs that were applied, with a 
maximum of 1 mg per stigma, are unlikely to occur in the environment. Therefore, in this study, the 
effect of dry GO depositions in amounts comparable to those of PM occurring in polluted industrial 
sites were tested. To fulfil this aim, a new exposure method to administer dry GO depositions was 
applied to C. pepo flowers, and the results were compared with those of previous investigations24,25.  

Understanding if plausible exposures to GO dry nanoparticles will affect the sexual reproduction 
of seed plants – which is a pivotal process for most terrestrial ecosystems and crop production – is 
fundamental to anticipate and promptly respond to possible negative scenarios when GRMs will 
start to be widely available in our everyday life. 

2. Materials and methods 

2.1 GO preparation and characterization 

Graphene oxide (GO; batch #GOB067) was kindly supplied by Graphenea (San Sebastián, Spain). 
The material was characterized as reported by Fusco and coauthors26. A preliminary analysis was 
performed with a LECO CHNS-932 analyser (LECO Corporation, St. Joseph, MI, USA) for C, H, N, 
and S. Raman spectroscopy was performed with an inVia Raman Microscope (Renishaw, 
Wotton-under-Edge, UK), whereas lateral dimension was measured by laser diffraction in the GO 
water dispersion. X-ray diffraction (XRD) analysis was performed on a GO dry film to estimate 
flakes thickness. Representative high-resolution electron transmission microscopy (HR TEM JEOL 
2100, by JEOL Ltd., Tokyo, Japan) and environmental scanning electron microscopy (ESEM, 
Quanta™ 250 FEG, by FEI Ltd., Brno, Czech Republic) images were also taken. 
For the experiments, GO was purified from the residues of the production process according to Ali-
Boucetta, et al. (2013)27. A 2 mg mL-1 GO dispersion in distilled water (dH2O) was subjected to 45 
minutes centrifugation step at 4,800 ×g and then the supernatant was replaced with new dH2O. This 
procedure was repeated ten times, i.e., until the pH of the GO dispersion was stable. For each 
purified GO (PGO) dispersion, the supernatants removed after each purification step were saved 
and pooled (from here on referred to as GO-purification residue, GOPR).  

Quantitative elemental analyses were performed on 100 µg mL-1 GO, PGO and GOPR dispersions 
by inductively coupled plasma mass spectrometry (ICP-MS) with a NexION 350X spectrometer 
(Perkin Elmer, Waltham, Massachusetts, MA, USA) in KED mode for Cd, Cr, Cu, K, Mn, Pb, and by 
inductively coupled plasma optical emission spectrometry (ICP-OES) with an Optima 8000 
Spectrometer (Perkin Elmer) for S. Approximately 4 mL of GO dispersions were filtered through a 
GHP Acrodisc (Pall Corporation, Port Washington, NY, USA) syringe filter (pore size: 0.22 µm) and 
then mixed with 50 µL of HNO3 69% (Normatom, VWR, Milan, Italy), 0.5 mL (for a final 
concentration of 50 µg L-1) of SC, Y, and Ho standard solutions used as internal standards (Sigma 
Aldrich, Milan, Italy), and adjusted to a final volume of 5.0 mL with milliQ water. The elemental 
concentration was then corrected on the basis of the relative dilution factor. The limits of detection 
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(LOD) are listed in †ESI (Tab. S2). 
PGO and GOPR flakes were observed with a JEM 2100 (JEOL Ltd., Tokyo, Japan) high-resolution 

transmission electron microscope (HRTEM) to obtain their lateral dimension distributions. PGO and 
GOPR dispersions were centrifuged at 4,800 ×g, the supernatant and the precipitated fraction 
separated, then drop-casted on nickel grids (3.00 mm, 200 mesh), dried under vacuum, and observed 
at an accelerating voltage of 100 kV. Lateral dimension distributions were measured with FIJI 
software (NIH, Bethesda, MD, USA)28. 

2.2. Plant material 

The squash marrow Cucurbita pepo L. ssp. pepo “greyzini” is an entomophilous, monoecious 
therophyte with short internodes and with indeterminate growth and reproduction29,30. Male flowers 
start to appear c. two months after seed germination, 2 – 3 weeks before female ones; both types of 
flowers are produced for the whole remaining growing season. Each flower develops individually 
and lasts for only one day after anthesis (5.00 – 11.00 a.m.). The female flowers of C. pepo bear a single 
inferior ovary with one style and three stigmas, each made of two lobes29. Seeds or young plants of 
C. pepo were purchased from Salto di Fondi - Società Cooperativa Agricola A.r.L. (SdF - Fondi, Italy). 
Plants were greenhouse-cultivated (c. 18 – 22 °C) in the facilities of SdF from November 2019 to April 
2020, and in those of the Botanical Garden of the University of Trieste from January to March and 
from February to April 2020. Plants were watered daily with a ground-based automatic irrigation 
system, fertilized (Concime universale Asso di Fiori, Cifo, S. Giorgio di Piano, Italy) and treated with 
antimycotics (Azupec 80WG, Ascenza Agro, Torres Vedra, Portugal; Jupiter WG, Isagro Spa, Adria, 
Italy) every two weeks. 

2.3. Experimental design 

The effects of GO dry nanoparticles on the sexual reproduction of C. pepo were assessed on (i) fruits 
and seeds developed from GO- and PGO-treated flowers and (ii) the interactions of pollens with 
treated stigmas. In a first experiment, morphometric analyses were performed on fruits, measuring 
their mass and dimensions, and evaluating seed production. Then, morphometric analyses were 
performed also on seeds. In a second experiment, the effects of GO and PGO were verified on the 
integrity of the stigmatic surface, pollen adhesion and pollen germination on the stigma. 
 

2.4. Exposure of stigmas to GO materials 

Receptive stigmatic surfaces of C. pepo were treated simulating dry depositions of airborne GO or 
PGO. Dry depositions were obtained by nebulizing 5 mL of 90% v/v ethanol/water solutions 
enriched with GO (0, 25, 50 or 100 µg mL-1) or PGO (100 µg mL-1) with an airbrush (AWSUC, 
Shenzhen Deshunke Technology Co., Ltd, Longgang, China, nozzle diameter: 0.3 mm; applied 
pressure: 1.4 Bar; estimated flow rate 23 – 25 L min-1). Preliminary tests were conducted to find the 
correct distance between airbrush and sample which allowed the complete liquid-gas phase 
transition of the nebulized ethanol/water solution before reaching the stigmatic surface. At 21° C 
(room temperature), this condition was achieved by placing the airbrush tip 30 cm far from the 
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stigma and then activating the airbrush. No damage was observed in control stigmas treated with 
the ethanol/water solution. A dedicated protocol was developed to estimate the depositions 
obtained with different GO dispersions (see †ESI for details). At these conditions, the nebulization 
of 0, 25, 50 and 100 µg mL-1 dispersions were equivalent to dry depositions of 0, 5.5 ± 1.8, 11.1 ± 3.6 
and 22.1 ± 7.2 ng mm-2, respectively (from here on referred to as CTRL, GO5.5, GO11 and GO22 or 
PGO22). These deposition amounts were chosen to simulate those of the total daily depositions of 
airborne PM in selected industrial areas of Canada (~ 4 ng mm-2), India (~ 4 ng mm-2) and China 
(~ 7 ng mm-2)31–33. 

2.5 Fruit and seed biometrics 

To verify the effect of GO on fruit and seed production, all three stigmas of one flower per plant (n = 
11 – 17) were treated with GO and PGO as described in section 2.4. After three hours, the same 
flowers were hand-pollinated using a paintbrush ensuring an even distribution of pollen all over 
the three stigmatic lobes. For this purpose, pollen was harvested from C. pepo male flowers ~ 2:30 h 
after flower blossoming (~ 7:30 am) and its viability was assessed by the fluorescein diacetate 
(Sigma-Aldrich, Munich, D) fluorochromatic reaction, counting at least 200 pollens34. Only pollen 
aliquots with viability higher than 70% were used. 

Fruits developed from treated stigmas (from here on referred to as CTRL, GO5.5, GO11, GO22 
and PGO22 fruits) were harvested five weeks after pollination. Fresh mass, length, and maximum 
circumference of fruits were measured. Fruits were kept at laboratory conditions (21 °C and dim 
light) for further 9 weeks to allow complete seed ripening. Thereafter, fruits were dissected to 
visually analyse possible defects of their internal structure. Seeds were then collected, rinsed in 
dH2O to remove residuals of the fruit pulp, left to dry out for 24 hours and then counted. Seeds (from 
here on referred to as CTRL, GO5.5, GO11, GO22 and PGO22 seeds) were further dehydrated, first 
under laboratory conditions for one week, then for one month in a 9.2 L desiccation chamber 
(polypropylene-polycarbonate, diam. 25 cm, h 30 cm; Kartell®, Milan, Italy) filled with 200 g of silica 
gel (air RH ~ 3%). The dry mass of each seed was gravimetrically measured, then seeds were 
photographed on a black tissue, and the digital images were analysed with FIJI software to calculate 
the projected area (seed area). Seed density was calculated as the mass/area ratio. 

2.6 GO and PGO effects on pollen-stigma interactions 

In a preliminary experiment, the effect of GO and PGO acidity was tested on pristine stigmas. Then 
the effect of GO and PGO nanoparticles on the stigmatic surface and the pollen-stigma interactions 
was verified on single stigmas: one stigma per flower (n = 3 – 6) was treated as CTRL, one as GO22 
and one as PGO22, as described in section 2.4. Stigmas were sprayed singularly by interposing a 
piece of aluminium foil between the treated stigma and the other two and then kept at laboratory 
conditions (see above) for 3 hours before further processing. 

2.6.1 Effects of GO and PGO acidity on the stigmatic surface buffer capability 

Pristine stigmas were soaked in 10 mL of NaNO3 0.01 M solutions enriched with GO to 
concentrations of 0, 25, 50 or 100 µg mL-1 or with PGO at the concentration of 100 µg mL-1. Then, pH 
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values were recorded after pH stabilization, i.e., 45 min after stigma soaking (n = 6), using a HI5521 
pH-meter equipped with a HI1131B electrode (Hanna Instruments Italia S.r.l., Padua, Italy), 
following Zanelli et al. (2021)25. Attention was taken to soak only the stigmatic surface (all three 
stigmas) avoiding possible parts injured by the manipulation of the samples. Stigmas of similar size 
were selected: their surfaces ranged between 622.2 and 1,026 mm2 (i.e., 3 times the mean stigmatic 
surface ± 3 times the standard deviation of a mean stigma, see †ESI for details). For comparison, pH 
was recorded also in dH2O and NaNO3 0.01 M solutions enriched with GO to concentrations of 0, 
25, 50 or 100 µg mL-1 or with PGO at the concentration of 100 µg mL-1, without soaking any stigmatic 
surface ("blanks"). 

2.6.2 GO and PGO effects on the stigmatic surface 

Three CTRL, GO22 and PGO22 stigmas were excised, attached to aluminium stubs, and observed 
using a Quanta250 SEM (FEI, Oregon, USA) operated in environmental mode (ESEM) collecting 
secondary electrons (accelerating voltage: 30 kV; chamber pressure: 90 Pa). The entire stigmatic 
surface of each sample was examined and 10 – 15 micrographs per sample were taken. Micrographs 
were then carefully analysed to detect structural modifications to the stigmatic surface such as 
papillae agglutination and/or shrinkage and release of cytoplasmic content as a consequence of GOs 
presence. 

2.6.3 Pollen adhesion and germination on the stigmatic surface 

CTRL, GO22 and PGO22 stigmas (n = 6) were hand-pollinated with 3 ± 0.5 mg of pollen 
(corresponding to c. 2,400 ± 500 pollen grains) using a paintbrush. Pollen was gently and 
homogeneously brushed on a 4 × 4 mm spot using a greaseproof, paper frame. Afterwards, pollen 
was let to germinate at laboratory conditions (see above) for 40 minutes. Pollen adhesion and 
germination on the stigma were assessed as described in Zanelli et al. (2020)24. Pollen adhesion was 
estimated as the difference between the number of pollen grains deposited and the number of pollen 
grains detached from the stigmatic surface (n = 6). Germination rate was calculated as the percentage 
of germinated pollen still adhering to the stigma (n = 6) by counting 221 ± 31 pollen grains per stigma. 

2.7 Statistical analysis 

Statistical analysis was performed using the software package Dplyr in R environment (R, version 
3.6.3., 29 February 2020, The R foundation for statistical analysis)35. For the first experiment, 
significant differences for the selected biometric parameters of fruits and seeds were assessed with 
generalized linear models (GLMs), assuming the treatments (i.e., the amounts of GO and PGO dry 
depositions) as categorical predictors. For the second experiment, the same statistical approach was 
used to test the significant differences in terms of pollen adhesion and germination rate on the 
stigma. Differences among treatments were determined with the post-hoc pairwise t-test, applying 
the Bonferroni correction method. When the distribution of GLM residuals was not normal, even 
after logarithmic transformation of the above-mentioned response variables, differences among 
experimental groups were tested with the non-parametric ANOVA of Kruskal-Wallis followed by 
pairwise Wilcoxon-Mann-Whitney test as post-hoc test. Differences with Pr- and p-values < 0.05 were 
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considered statistically significant. 

3. Results 

3.1 GO, PGO and GOPR characterization 

The elemental analysis showed that GO was composed of 59.4 ± 0.1% C, 1.4 ± 0.1% H, 0.1 ± 0.1% N, 
2.5 ± 0.1% S and < 36.6% O. The Raman spectra of GO had the two characteristic D and G bands, 
with their maxima located at ∼1350 and ∼1600 cm-1, respectively (†ESI, Fig. S3). GO flakes had a 
lateral dimension ranging from 0.5 to 30 µm, with an average of 15.1 ± 0.4 µm and an average 
thickness measured by XRD of six layers26. Representative Raman spectra, HR-TEM and ESEM 
images are reported in †ESI (Fig. S3).  

In GO and PGO dispersions, the mean content of Cd and Cr was below the limit of 
detection (LOD); that of K, Mn and S was largely detectable (from ~ 10 to ~ 10,000 µg L-1) and on 
average it was an order of magnitude higher in GO dispersions than in PGO ones (†ESI, Tab. S2). 
Only Cu and Pb content were lower in GO dispersions than in PGO ones, though quite similar: 
~ 0.3 and ~ 0.1 µg L-1 for Cu and Pb, respectively. The elemental content of GOPR dispersions was 
always one or two orders of magnitude higher than that of GO and PGO. 

The HRTEM analysis revealed that after the purification process a small part of the flakes 
remained in the GOPR dispersions (†ESI, Fig. S3f). In both GOPR and PGO dispersions at least 30% of 
flakes had a lateral dimension larger than 7 µm (†ESI, Fig. S3e, f). In GOPR dispersions more than 
50% of flakes had lateral dimensions in the range 0.5 – 2 µm, whereas in PGO dispersions flakes 
smaller than 2 µm were only 14%. 

3.2 Fruit and seed development from GO- and PGO-treated stigmas 

Fruits derived from CTRL and treated pistils ripened normally. They had similar fresh mass, length 
and circumference (Fig. 1a,c,e,g, †ESI, Tab. S3). The average seed mass did not differ among CTRL 
(165.1 ± 43.1 mg), GO5.5, GO11 and PGO22 seeds, whereas it was significantly lower in GO22 seeds 
with respect to CTRL by 21.1 ± 38.9% (Fig. 1b and †ESI, Tab. S4). Conversely, seed area significantly 
differed among treatments: it was lower in GO5.5 and GO11 seeds than in CTRL ones by 12.2 ± 4.2% 
and 6.8 ± 17.1%, respectively, and higher in GO22 seeds by 2.5 ± 11.4% (Fig. 1d and †ESI, Tab. S4). 
PGO22 seed area did not differ from the CTRL one. Accordingly, seed density had an opposite trend: 
it was significantly higher in GO5.5 and GO11 seeds by 12.2 ± 37.8% and 18.7 ± 38.7% with respect 
to CTRL ones and lower in GO22 seeds by 18.9 ± 44.4% (Fig. 1f and †ESI, Table S4). PGO22 seed 
density did not differ from the CTRL one. In summary, only GO deposition of 22 ng mm-2 had a 
negative effect on all seed biometric parameters, whereas the same PGO deposition had no effect 
(Fig. 1b,d,f, †ESI, Table S4). 
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Fig. 1 Morphometric characterization of Cucurbita pepo fruits (a, c, e, g) and seeds (b, d, f) developed from flowers 
treated with graphene oxide (GO) or purified-GO (PGO) and pollinated after three hours. Stigmas were treated 
with dry depositions of 0, 5.5, 11 or 22 µg mm-2 of GO (CTRL, GO5.5, GO11 and GO22, respectively) or 22 µg 
mm-2 of PGO22 (for more details, see section 2.4,5). Boxplots represent the median second and third quartiles, 
whereas whiskers include non-outlier range (calculated as ± 3 s.d.). Statistically different groups are marked 
with different letters [GLM analysis (A, C, E, G) or non-parametric ANOVA of Kruskal-Wallis (B, D, F) followed 
by Wilcoxon-Mann-Whitney post- hoc test; see Tab. S4,5)]. 

 



 

79 
 

3.3 GO and PGO effect on pH buffering capability and morphology of the stigmatic surface and in vivo pollen 
stigma-interactions 

The pH of 25, 50 and 100 µg mL-1 GO dispersions in dH2O was 3.9 ± 0.1, 3.6 ± 0.1 and 3.3 ± 0.1, 
respectively. For 100 µg mL-1 PGO dispersions the pH was 5.8 ± 0.3. NaNO3 solutions without GO 
had a circum-neutral pH value (Tab. 1), which decreased at increasing concentrations of GO, 
reaching a value of 3.3 ± 0.1 in 100 µg mL-1 GO dispersions. At the same concentration of PGO, pH 
was 4.6 ± 0.1. When stigmatic surfaces were immersed in NaNO3 solutions without GOs, the pH 
stabilized at 6.5 ± 0.1. The subsequent addition of GO aliquots progressively decreased pH values, 
to a minimum of 5.6 ± 0.3 at a concentration of 100 µg mL-1. The addition of PGO to the same 
concentration also decreased pH values but to a minimum of 6.2 ± 0.1. 

Tab. 1 pH of 25, 50 and 100 µg mL−1 graphene oxide (GO) and 100 µg mL−1 of purified-GO (PGO) dispersions 
in dH2O and NaNO3 0.01 M without or with immersed the stigmatic surface of Cucurbita pepo., values are 
reported as means ± s.d. (n = 6). 

       Medium Materials Concentration pH  
             dH2O     
  GO 25 4.62 ± 0.08  
   50 3.86 ± 0.01  
   100 3.53 ± 0.10  
  PGO 100 5.82 ± 0.32  
 NaNO3 0.01 M 

without stigma 
   

 

  GO 25 3.93 ± 0.02  
   50 3.75 ± 0.04  
   100 3.29 ± 0.01  
  PGO 100 4.61 ± 0.14  
 NaNO3 0.01 M with 

stigma 
   

 

  GO 25 6.25 ± 0.08  
   50 6.03 ± 0.14  
   100 5.60 ± 0.27  
  PGO 100 6.19 ± 0.10  
      

The stigmatic surface of C. pepo is made by stigmatic papillae, i.e. clusters of finger-like cells 
receptive to pollen (Fig. 2a,b). ESEM observations revealed that a 22 ng mm-2 GO deposition did not 
affect the integrity of the stigmatic surface (Fig. 2c,d). Treated samples did not show signs of damage 
as wilted cells or cytoplasmic leachates and the papillae maintained the original shape even if GO 
flakes/nanoparticles were clearly evident on the stigmatic surface (Fig. 2c-f). 
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Fig. 2 ESEM micrographs of stigmas of Cucurbita pepo flowers treated with dry depositions of 0 (CTRL) (a, b) or 
22 µg mm-2 of graphene oxide (GO22) (c, d) or purified-GO (PGO22) (e, f) and pollinated after three hours (for 
more details, see section 2.4, 2.6). Stigmatic papillae, GOs flakes/nanoparticles and germinating pollen grain are 
indicated with arrows, arrowheads and asterisk, respectively. Bars = 100 µm. 
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Pollen adhesion and germination on CTRL, GO22 and PGO22 stigmas did not differ among CTRL 
and treated samples (Fig. 3,4 and †ESI, Tab. S5). 

 
Fig. 3 Pollen-stigma interaction of Cucurbita pepo flowers treated with dry depositions of 0 (CTRL) or 22 µg mm-

2 of graphene oxide (GO22) or purified-GO (PGO22) and pollinated after three hours (for more details, see 
section 2.4, 2.6). (a) Pollen adhesion and (b) germination over CTRL-, GO100- and PGO-treated stigmas. Values 
are means ± s.d (n = 6). 
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Fig. 4 Fluorescence micrographs of stigmas of Cucurbita pepo flowers treated with dry depositions of 0 (CTRL) 
(a) or 22 µg mm-2 of graphene oxide (GO22) (b) or purified-GO (PGO22) (c) and pollinated after three hours (for 
more details, see section 2.4, 2.6). Pollen grains, pollen tubes and stigmatic surface are indicated with arrows, 
arrowheads, and asterisks, respectively. Bars = 100 µm. 
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4. Discussion 

During the last fifty years it was demonstrated that airborne pollutants, ranging from gaseous oxides 
(e.g., SOx)36 to solid PM37,38, can be a dangerous threat to the sexual reproduction of seed plants. These 
substances can affect the reproduction process both by their physical interaction with the 
reproductive organs24,37,39 and by a chemical alteration of the fine-tuned processes of pollen tube 
germination and elongation36,40,41. Even xenobiotics such as fungicides, pesticides, herbicides and 
metal nanoparticles landing on flowers can have similar consequences, as they can affect the 
interaction between pollen and stigma, eventually altering fruit and/or seed production42–47. GRMs 
have all the traits of emerging pollutants, indeed they will be intensively produced and used6, and 
might easily be dispersed in the air thanks to their 2D geometry, lightness and structure. When in 
high quantities, FLG and GO reaching the stigmatic surface could affect pollen adhesion and 
germination not differently than other natural occurring 2D NMs (e.g., muscovite mica)25. The few 
studies available so far showed that GO negatively affects fruit and seed development when 
provided at quantities that are unlikely to occur in a realistic scenario (~ 3,600 ng mm-2)25. For these 
reasons, here C. pepo stigmas were treated with simulated dry depositions of GRMs comparable to 
the daily load of elements in airborne PM observed in heavily polluted industrial areas all over the 
globe (e.g., Portugal, Canada, India, China)31–33. Even at the highest amounts used in this work (22.1 
± 7.2 ng mm-2), neither GO nor PGO depositions affected fruit and seed production (Fig. 1a,c,e,g). 
Furthermore, there were no signs of damage in ovary tissues. 

Despite the absence of effects on fruits, depositions of 22 ng mm-2 of GO negatively affected seed 
density (Fig. 1b). Impaired seed development without evident alterations of fruits was already 
observed in plants exposed to other xenobiotics44,48–50. This phenomenon might result from a 
decreased density of pollen tubes growing through the stigma51, the so-called "pollen population 
effect"52,53. The presence of xenobiotics might induce this effect by causing: (i) damage to the receptive 
surface, (ii) inadequate pollen adhesion; (iii) poor pollen germination; (iv) impaired pollen tube 
elongation51. 

In this research, the deposition of GOs caused neither agglutination of the stigmatic papillae, 
despite the evident presence of adherent GOs flakes (Fig. 2), nor a decreased pollen adhesion and 
germination on the stigmatic surface (Fig. 3,4). This suggests that GO at the highest dose affected a 
later step of the reproduction process, such as the elongation of the pollen tube inside the style52,54 
when it absorbs the ions and small molecules required for growth from the surrounding 
environment54. In vitro, GO is toxic to pollen tube elongation mainly because of its acidic properties22, 
but also because of its small dimensions (physical damage) and/or the presence of toxic production 
residues. The negative effect of GO acidity can be excluded in C. pepo as the stigmatic surface of this 
species has a noteworthy buffering capability. Stigmas soaked in GO or PGO dispersions, increased 
pH to values higher than 5.6 (Tab. 1), a value at which the pollen-stigma system is safe in most of 
the species55. The hypothesis that stigmas have a buffering capability was suggested for the first time 
by Du Bay and Murdy (1983)40 and since then, many authors have taken it for granted36,41,56–58 in 
absence of any scientific evidence. To the best of our knowledge, our results provide the first 
empirical proof of such a capability, although its chemical nature remains unknown. 
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Actually, the decrease in biomass of GO22 seeds might be a side-effect caused by GO-production 
residues still present in the commercial batch. This hypothesis is reinforced by the fact that a 22.1 ± 
7.2 ng mm-2 deposition of PGO did not cause a reduction in seed biomass. The commercial GO used 
in this study was produced following the Hummer’s method59, which involves the use of oxidizing 
reagents (H2O2 and KMnO4) and strong acids (H2SO4) that remain as impurities partially bound to 
the material and partially free in the GO dispersion. Therefore, to assess possible negative effects 
caused by the sole GO, purification procedures are needed20,27, although sometimes they are 
neglected20,22. The purification procedure applied in this study removed K, Mn and S residuals from 
GO, leaving only traces in PGO (†ESI, Tab. S2). However, it removed also a portion of flakes, 
including the smallest ones (†ESI, Fig. S3e,f). Notoriously, GO flakes with lateral dimension lower 
than 500 nm are those mainly responsible for the material toxicity because they can penetrate or be 
internalized by cells60. However, in our case GO purification removed only c. 1.8 – 5.4% of this 
fraction (†ESI, Fig. S3e,f). Furthermore, TEM images of growing pollen tubes in contact with FLG 
and GO, at higher quantities and with smaller dimensions (~ 330 nm for FLG, with 78% of flakes < 
500 nm; and ~ 500 nm for GO, with 54% of flakes < 500 nm)23 than those tested here, did not highlight 
internalization of flakes. For the aforementioned reasons, the quantity of potentially phytotoxic 
substances present in the GO batch remains the most plausible cause of the observed effect45,61,62. 

Summarizing, depositions of GO up to 11.1 ± 3.6 ng mm-2 (GO11 treatment) are safe for the 
reproduction of C. pepo, whose flowers remain open only a few hours per day29,30. Indeed, 11.1 ± 3.6 
ng mm-2 (GO11 treatment) is much higher than the daily deposition of the total PM in strongly 
polluted sites in both Western31 and far Eastern countries32,33. However, further studies are certainly 
needed to understand if and at which deposition levels GO might affect the sexual reproduction in 
wind-pollinated plants. The flowers of anemophilous plants are receptive to pollen and airborne PM 
for days or even weeks, not for a few hours as in the entomophilous C. pepo. Therefore, lower, more 
likely, deposition amounts than those tested here but prolonged over time might harm the sexual 
reproduction of anemophilous plants whose members include important crops (e.g., cereals such as 
barley, maize, rice or wheat) but also form the backbones of entire ecosystems (e.g., grasses or trees 
such as conifers or oaks). 

5. Conclusions 

In this research, we tested the effect of simulated GO dry depositions on the reproduction process 
of the crop and model plant C. pepo. GO and PGO neither compromised fruit production and 
development nor seed production; only the highest GO deposition tested (22.1 ± 7.2 ng mm-2, i.e. the 
GO22 treatment) affected seed mass, which might result in decreased seed germination and vigour 
of part of the filial progeny53. Further analysis on the pollen-stigma interactions did not reveal a clear 
action mechanism at the base of this decrease. However, we hypothesize that the reduction in seed 
dimensions might be a side-effect caused by GO-production residues still present in the commercial 
batch, but not after purification. 

Finally, depositions of GO up to 11.1 ± 3.6 ng mm-2 (GO11 treatment), which is much higher than 
the daily deposition of the total PM in heavily polluted sites31–33, is safe for the reproduction of C. 
pepo. This is the first "safety" benchmark limit of GO depositions for the reproduction of seed plants 
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ever reported in the literature: if confirmed also for wind-pollinated plants, such as grasses and 
conifers, this limit might be considered for policymaking on GRMs emissions in the air. 

Supplementary Materials: S1: C. pepo stigmatic surface estimation, Fig. S1: Stigma of C. pepo and its schematic 
representation; Tab. S1: Dimensions of the stigma of Cucurbita pepo L.; S2: Quantification of GO and PGO deposited on the 
stigmatic surface; Fig. S2: Grayscale optical density of GO deposition; Fig. S3: Physical characterization of GO, PGO and 
GOPR; Tab. S2: Elemental content of dH2O, GO, PGO and GOPR; Tab. S3: Results of the GLM analyses used to assess the 
effect of GO and PGO dry depositions on C. pepo fruits; Tab. S4: Results of the ANOVA of Kruskal-Wallis analysis used to 
assess GO and PGO dry depositions on C. pepo seeds; Tab. S5: Results of the GLM analyses used to assess the effect of GO 
and PGO dry depositions on pollen adhesion and in vivo germination %. 
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Supplementary materialS 

S1. Cucurbita pepo stigmatic surface estimation 

The mean stigmatic surface of C. pepo flower was measured with an ABS Digimatic Calliper 
(Mitutoyo co., Kanagawa, Japan). The surface of a single stigma was calculated taking the stigmatic 
shape as two cylinders for the stigmatic lobes on top of a parallelepipedon base (Fig. S1). The heights 
of the cylinders were measured from the tip of each lobe till the join of the two lobes. The height of 
the parallelepipedon base was measured from the join of the lobes till the bottom of the stigma. The 
diameters of the cylinders were measured at the level of the join of the two lobes. The sum of the 
diameters was added to obtain the length of the parallelepipedon base. The maximum of the two 
diameters was used as z dimension of the parallelepipedon base. The surface of the stigma was 
calculated as follow: 

 Surface lobe 1 = lateral surface lobe 1 + base surface lobe 1 
 Surface lobe 2 = lateral surface lobe 2 + base surface lobe 2 
 Base surface = surface of the parallelepipedon – (base surface lobe 1 + base surface lobe 2) 
 Stigmatic surface = Surface lobe 1 + Surface lobe 2 + Base surface 

Thirty flowers belonging to 12 different mother plants were taken to estimate the stigmatic 
surface (i.e., n = 90. because C. pepo has three stigmas per flower, see chapter 2.2). 

 
Fig. S1 Stigma of Cucurbita pepo L. (A) and schematic representation of the solid assembly used to calculate the 
stigmatic surface (B). Letters indicate stigma dimensions: a = height of lobe 1, b = height of lobe 2, c = diameter 
of lobe 1, d = diameter of lobe 2, e = height of the basal parallelepipedon, c + d = length of the basal 
parallelepipedon, the maximum between c and d is the z dimension of the basal parallelepipedon (for more 
details see ESI S1; bar = 200 µm). 
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Tab. S1 Dimensions of the stigma of Cucurbita pepo L. flower as schematised in Fig. S1 and estimated stigmatic 
surface (for more details see ESI S1). Values are reported as means ± s.d. (n = 30).  

            Dimension  Lobe 1  Lobe 2  Base  Stigma  
                       Height (mm) a 9.37 ± 1.33 

1.33 
b 9.18 ± 1.33 e 3.23 ± 1.33    

            Diameter (mm) c 3.02 ± 0.51 d 2.93 ± 0.49      
            Length (mm)     c + d 7.23 ± 1.25    
            Surface (mm2)  81.5 ± 26.6  77.2 ± 27.2  115.9 ± 43.5  274.7 ± 67.3  
           

S2. Quantification of GO and PGO deposited on the stigmatic surface 

The quantity of GO deposited over the stigmatic surface of C. pepo was estimated by a colourimetric 
approach. First, a calibration curve was produced with a sequential 1:2 dilution of a 100 µg mL-1 GO 
suspension in 90% v/v ethanol/water solution, diluting it 5 times, thus obtaining a curve in the range 
100 – 3.125 µg mL-1. Then, a 5 µL drop per point of the curve was deposited in duplicate on a filter 
paper foil (Whatman n. 5) repeating the process 2 times, obtaining the curve in quadruplicates. After 
that, 4 depositions per each applied concentration (i.e., 25, 50 and 100 µg mL-1) of GO were replicated 
on filter paper foils as reported in chapter 2.4. Finally, standard curves and GO depositions were 
photographed with a digital camera (Nikon D90, Nikon Corporation, Tokyo, Japan) equipped with 
Tamron 16 – 50 mm F 2.8 lens (Tamron Corporation, Saitama, Japan), maintaining the camera 50 cm 
far from the foils (f/4.5, 1/250 sec, ISO 200, focal length 27 mm), 3 digital images were taken for each 
curve and GO deposition. 

The digital images of the calibration curves and GO depositions were transformed in greyscale. 
Calibration curves optical density (OD) were measured with ImageJ1 software. Linear regression 
was then calculated from the data of OD and mass of each standard curve drop (Fig. S2). The 
obtained function was applied to calculate the GO mass deposited on a square spot equal to the 
mean surface of a C. pepo stigma (274.67 ± 67.32 mm2; Table S1) placed at the centre of each GO 
deposition. 
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Fig. S2 Grayscale optical density (OD) of graphene oxide (GO) deposition over a filter paper foil (Whatman n. 
5); values are mean ± s.d. (n = 4). R2 = 0.94, greyscale (RGB OD) = - 0.2552 (ng mm-2 of GO) + 208.66 (grey line), 
95% confidence band (blue lines) and 95% prediction band (red lines) are displayed. 
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Fig. S3 Physical characterization of graphene oxide (GO), purified-GO (PGO) and GO production residues 
(GOPR): average Raman spectra of GO (A); representative HR-TEM image of GO (B); representative SEM images 
of GO (C, D); lateral size distribution of PGO (E) and GOPR (F) (n = 100). 
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Tab. S2 Elemental content and relative limit of detection (LOD) of distilled water (dH2O), suspensions of 100 
µg mL-1 graphene oxide (GO) and purified GO (PGO) in dH2O and GO production residues (GOPR); for the 
latter, the values refer to the analysis of the pooled aliquots deriving from the purification procedure (for more 
details, see section 2.2). Data are reported as mean ± standard deviation (SD). n = 3 – 5. 

              Element  LOD  dH2O  GO  PGO  GOPR  
   µg L-1  Mean ± SD  Mean ± SD  Mean ± SD  Mean ± SD  
                           Cd  0.001  < LOD  < LOD  < LOD  0.045 ± 0.048  
 Cr  0.080  0.021 ± 0.007  0.050 ± 0.021  0.022 ± 0.003  0.347 ± 0.074  
 Cu  0.003 

 
 0.417 ± 0.101  0.293 ± 0.136  0.379 ± 0.094  3.832 ± 2.351  

 K  0.002  4.892 ± 1.446  328.619 ± 29.105  21.331 ± 2.457  2,968.823 ± 2434.911  
 Mn  0.001  0.028 ± 0.007  592.795 ± 78.057  12.020 ± 8.439  4,278.227 ± 334.437  
 Pb  0.002  0.054 ± 0.011  0.070 ± 0.015  0.077 ± 0.051  0.257 ± 0.178  
 S  250  < LOD  9,167 ± 798  594 ± 190  49,208 ± 3,254  
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Tab. S3 Results of the GLM analyses used to assess the effect of dry depositions (independent variable) of 0 (CTRL), 5.5 (GO5.5), 11 (GO11), 22 ng mm-2 of GO (GO22) or 
22 ng mm-2 of PGO (PGO22) on the fresh mass (kg), length (cm), maximum circumference (cm) of fruits (dependent variables) developed from treated flowers of Cucurbita 
pepo hand-pollinated after three hours (for more details, see section 2.4, 2.5). The same analysis was carried out to assess the effect on the number of seeds produced per 
fruit. Values are reported as mean ± s.d.; n: number of replicates per single treatment; Pr > F: the probability that the table value for F is greater than the calculated value. 

                Treatment Pr > 
F 

n Fresh mass Pr > F n Length Pr > F n Circumference Pr > F n Seeds per fruit   
                                0.9   0.8591   0.575   0.7049    
 CTRL  12 2.219 ± 0.668  12 31.5 ± 2.7  12 37.0 ± 4.2  8 20 ±   8  
 GO5.5  16 2.220 ± 0.723  16 34.1 ± 2.3  16 37.9 ± 3.4  12 13 ± 13  
 GO11  17 2.284 ± 0.567  17 33.7 ± 3.4  17 36.9 ± 3.5  12 18 ± 18  
 GO22  15 2.313 ± 0.590  15 33.6 ± 4.6  15 37.4 ± 5.0  9 22 ± 19  
 PGO22  16 2.143 ± 0.731  16 32.7 ± 4.6  16 35.5 ± 5.2  7 15 ± 13  
               

Tab. S4 Results of the ANOVA of Kruskal-Wallis analysis used to assess of dry depositions (independent variable) of 0 (CTRL), 5.5 (GO5.5), 11 (GO11), 22 ng mm-2 of GO 
(GO22) or 22 ng mm-2 of PGO (PGO22) on the dry mass (mg), projected area (Area, mm2) or the ratio mass/projected area (Density, mg mm-2) of seeds (dependent variables) 
developed from treated flowers of Cucurbita pepo hand-pollinated after three hours (for more details, see section 2.4, 2.5). Values are reported as mean ± s.d.; n: number of 
replicates per single treatment; p-value: p-value non-parametric ANOVA of Kruskal-Wallis; statistically different groups (Wilcoxon-Mann-Whitney post-hoc test) are 
marked with different letters (for p-value < 0.05). 

                     Treatment p-value  Dry mass    p-value  Area    p-value  Density    
                                          < 0.001      < 0.001      < 0.001      
 CTRL  161 160.69 ± 38.73  a   161 209.21 ± 19.21  a   161 0.78 ± 0.21  a  
 GO5.5  158 160.31 ± 54.21  a   158 183.70 ±   8.89  b   158 0.87 ± 0.29  b  
 GO11  219 171.03 ± 39.30  a   219 194.95 ± 35.72  bc   219 0.92 ± 0.30  b  
 GO22  178 126.72 ± 62.51  b   178 214.40 ± 23.84  d   178 0.63 ± 0.34  c  
 PGO22  108 166.89 ± 36.84  a   108 204.74 ± 17.90  ac   108 0.82 ± 0.18  a  
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Tab. S5 Results of the GLM analyses used to assess the effect of dry depositions (independent variable) of 0 
(CTRL), 22 ng mm-2 of GO (GO22) or PGO (PGO22) on pollen adhesion (Adhesion) or germination percentage 
(Germination) (dependent variables), evaluated from the application of the aniline blue staining protocol on 
stigmas of Cucurbita pepo hand-pollinated after three hours (for more details, see section 2.4, 2.6). Values are 
reported as mean ± s.d.; n: number of replicates per single treatment; Pr > F: the probability that the table value 
for F is greater than the calculated value). 

           Treatment Pr > F n Adhesion  Pr > F n Germination  
                      0.2231    0.692    
 CTRL  6 593 ± 193   6 67 ±   5  
 GO22  6 510 ± 161   6 63 ±   8  
 PGO22  6 717 ± 241   6 63 ± 13  
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Abstract: Products containing graphene-related materials (GRMs) are becoming increasingly common, 
allowing GRM nanoparticles (NPs) to enter the environment during their life cycle. Thanks to their lightness 
and 2D geometry, GRM NPs can be easily dispersed in the air and travel very long distances. Wind-pollinated 
plants may be exposed to airborne GRMs because their flowers have evolved to intercept pollen from the air 
and, inevitably, other airborne particles. Here, stigmas of four wind-pollinated plants (Corylus avellana, 
common hazel; Juglans regia, walnut; Quercus ilex, holm oak; Zea mays, maize) were exposed to airborne 
graphene oxide (GO) and GO purified from production residues (PGO) at a concentration of 3.68 ng m-3. 
Subsequently, the stigmas were pollinated and the adhesion of GOs and their effects on stigma integrity and 
pollen-stigma interaction were examined. The effect of the presence of GO NPs and liquid water on the 
stigma was also investigated. GOs NPs were intercepted by all stigmas, but their effect varied among species. 
GO reduced pollen adhesion in J. regia and Q. ilex, whereas pollen germination was not affected in all four 
species. The presence of a film of water did not completely remove GO NPs from the stigma, nor did it 
enhance the toxic effect related to the acidity of GO. PGO NPs never affected pollen-stigma interaction, which 
underlines that the phytotoxic substances used for the production of GO are the main cause of GO toxicity. 
These results reconfirm the need to verify GRMs effects also on key biological processes besides single model 
organisms.  

Keywords: airborne nanoparticles, graphene oxide, anemophilous flowers, pollen-stigma interaction 

Significance statement: Graphene-related materials (GRMs) exhibit all the characteristics of emerging 
pollutants, i.e., they will be intensively produced and used, have high environmental persistence and can 
harm organisms. Given their lightness and 2D structure, GRMs can be dispersed in the air and transported 
over long distances. Purportedly, they could be intercepted by the flowers of wind-pollinated 
(anemophilous) plants and interfere with pivotal steps of their sexual reproduction. Here, this hypothesis 
was assessed by exposing flowers of four ecologically and economically important anemophilous plants to 
an atmosphere artificially enriched with dry nanoparticles of graphene oxide (GO) at potential 
environmental concentrations. This research shows that GO can be intercepted by anemophilous female 
flowers, with limited negative effects on pollen germination and growth. 
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1. Introduction 
There are several examples in history of the introduction and use of new materials and substances 
with negative effects on organisms and ecosystems. Persistent organic pollutants such as dioxins, 
polychlorinated biphenyls, organochlorine insecticides (1), and more recently micro- and 
nanoplastics (2, 3) are prominent examples. The most recent breakthrough discoveries are graphene 
and graphene-related materials (GRMs), whose exceptional properties (4, 5) have advanced many 
areas of research and enabled numerous practical applications (6-8). Even though products made 
with GRMs have undeniable advantages, the involuntary release of GRM nanoparticles (NPs) into 
the environment must be expected during their life cycle. Moreover, applications involving the 
voluntary release of GRM composites into the environment are currently under development (9-13). 
GRMs thus exhibit all the characteristics of emerging persistent pollutants: (i) increasing production 
volumes (14), (ii) broad range of applications, (iii) low biodegradability (15), and (iv) potentially 
harmful effects on organisms (16). 

Until recently, GRMs were found in the air only as by-products of combustion (including in 
remote Arctic regions) (17), but recently they have also been detected in air from laboratories and 
GRMs production facilities (18, 19). Indeed, GRMs have a 2D geometry and an aerodynamic size 
smaller than their projected surface area diameter, which could lead to a longer airborne residence 
time (20, 21). Nevertheless, predicted environmental concentrations (PECs) for GRMs are not yet 
available, but they should be similar or even higher than those of other NMs such as nano-TiO2 or 
ZnO (i.e., approximately 1 ng m-3) (22). 

The effects of GRMs on organisms have been extensively studied (16), but their impact on 
ecosystems functionality is still unknown. Recent literature reports that the sexual reproduction of 
seed plants, a key biological process for the ecosystem, may be affected by airborne GRMs (22-25). 
Among the GRMs tested, GO is the most toxic to both in vitro pollen performance (23, 24) and in vivo 
pollen-stigma interaction (25, 26). However, the effects have been studied in a single model plant, 
the insect-pollinated (entomophilous) Cucurbita pepo L. (summer squash), whose flowers remain 
open only a few hours after flowering and are therefore at minimal risk of intercepting 
airborne GO (27). This situation could change dramatically for wind-pollinated (anemophilous) 
plants, as the structure of their flowers maximizes interception of pollen and, indirectly, particulate 
matter (PM). Interception of airborne GRMs would be even more likely than particulate matter, as 
graphene nanoplatelets have been shown to have higher interception efficiency than spherical NaCl 
particles because of their longer interception length (28). Moreover, the flowers of some plants 
remain receptive for days or even weeks (29-31), and in exceptional cases for months. For example, 
Corylus avellana L. retains the functionality of female flowers for at least two months (32). Therefore, 
GO could interact with the reproduction of anemophilous species that form the basis of human and 
animal nutrition (e.g., cereals) and are the backbone of entire ecosystems such as grasslands and 
forests. 

In this work, we used microscopy techniques to verify whether GO and GO purified from its 
production residues (PGO) can be intercepted by the flowers of four anemophilous species with 
different biological and stigmatic properties. A novel method was used to expose female flowers to 
an atmosphere enriched with one of the two GOs at a similar concentration to their PECs. 
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Subsequently, the flowers were pollinated to test GO potential effects on pollen-stigma interactions. 
Since the toxic effects of GO are mostly observed in liquid environments (23, 24, 33), its interactions 
with the pollen-stigma system were also studied in one species in the presence of liquid water, 
mimicking the situation created by wet depositions (e.g., rain or dew). 

The present work provides new insights into the interaction of GO with the flowers of 
anemophilous plants and the first steps of their reproduction, in order to predict and respond in 
time to possible negative scenarios related to the unintended release of GRMs into the atmosphere. 

2. Results and Discussion 

2.1 Simulation of an atmosphere enriched with airborne GO 

We tested the effect of airborne GO on the sexual reproduction of anemophilous plants by 
comparing untreated female flowers (CTRL) with flowers exposed to an atmosphere enriched in 0 
or 3.68 ng m-3 of dry GO or PGO NPs in a purpose-built chamber (blank, GO and PGO samples, 
respectively). To obtain a fine aerodispersion, we nebulized liquid GOs dispersions with an airbrush: 
this is a common method for coating surfaces with GRMs (34, 35). We also took advantage of the 
low surface tension of the ethanol/water solution to facilitate the phase transition between liquid 
and gas of the solvation halo around GOs-NPs to achieve exposure to dry GOs in air. Research on 
the effects of GRMs on organisms has mostly been conducted in liquid environments (16, 33). Few 
studies focused on dry conditions. These involved either brushing unrealistic amounts of GRMs 
(approximately 1 mg) directly onto the stigmatic surface (25, 26) or nebulizing GRMs dispersions on 
the stigma (36). These experimental setups were far from a realistic scenario and/or were subject to 
errors caused by the handling of the flowers or the exposure devices. Our device allowed for the 
first time to expose stigmatic surfaces to air GO and PGO without the need for manipulation during 
exposure and maintaining a fine control of the experimental conditions. 

The obtained air concentration of GOs NPs is only two times higher than the PECs of NMs 
produced in similar amounts as GRMs (14), e.g., nano-ZnO (37), but it is from 3 to 5 orders of 
magnitude lower than those measured at GRMs workplaces (18, 19). All in all, the applied 
concentration can be considered realistic rather than extreme, as it is lower than the PECs of other 
NMs with higher production volumes, such as nano-TiO2 (37). 

2.2 Interception of airborne GO NPs by anemophilous stigmas and their effect on the stigmatic surface 

The morphology and chemistry of anemophilous stigmas are critical in intercepting and retaining 
primarily pollen produced by the same species rather than that produced by other plants (38). Small 
changes in the external shape of the epidermal papillae, the presence of exudates, etc., may also 
affect the capability to intercept airborne exogenous material. Therefore, in this first experiment, the 
capability of anemophilous flowers to intercept airborne was checked in four seed plants selected 
on the basis of different characteristics of the stigmatic surface: Corylus avellana L. (common hazel) 
has a finger-like dry stigma (see Section 4.2) covered by club-shaped papillae (Figs. S1a,1a,2a) (39, 
40); Juglans regia L. (walnut) has a wet stigma bipartite with several crests on its surface (Figs. 
S1b,1c,2c) (29, 41); Quercus ilex L. (Holm oak) has a dry, slightly subulate stigma with a smooth 
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surface extending adaxially along the stylar suture (Figs. S1c,1e,2e) (42); Zea mays L. (maize) has a 
dry, filiform stigmas ("silks") covered by trichomes over its entire surface (Figs. S1d,1h,2g) (43). 
Confocal laser scanning microscopy (CLSM) in reflectance mode is one of the preferred methods for 
localizing GRMs in organisms and tissues (44, 45). With this setup, all stigmatic surfaces reflected a 
weak light when illuminated (Fig. 1). The light was also reflected from spots already present on the 
stigmatic surfaces of all CTRL samples (Fig. 1a,c,e,h), and the same effect was observed in blank 
samples, purportedly caused by particles of unknown nature. In general, GO and PGO NPs are 
clearly distinguishable from the background signal by the more intense light reflected by their flat 
surfaces. After exposure of the stigma, GO NPs appeared evenly distributed on the stigmatic 
surfaces (Fig. 1b,d,f,i) and adhering to the walls of stigmatic cells or in a few cases in 
between (Fig. 1g). Interestingly, an aggregate/flake was found almost on every stigmatic cell of the 
studied surfaces, indicating a non-random entrapment of NPs. Indeed, in anemophilous species, the 
interaction of air fluid dynamics with biological structures such as stigmatic papillae, trichomes, etc., 
creates localized air turbulence that ensures the deposition of pollen grains from conspecifics on the 
stigma (38). The same mechanism could apply to airborne (GO) NPs, which ensures a homogeneous 
coverage of about 3% of the stigmatic surface (SI Appendix, S2).  

 
Fig. 1. Stigmas of (A, B, G) Corylus avellana, (C, D) Juglans regia, (E, F) Quercus ilex, (H, I) and Zea mays flowers 
observed by confocal laser scanning microscopy in reflection mode. Stigmatic surfaces (A, C, E, H) before and 
(B, D, F, I) after the exposure to airborne graphene oxide (GO) nanoparticles (for more details, 
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see section 2.4, 2.5); (G) 3D reconstruction of cells after GO exposure. Red signal: autofluorescence of 
chlorophylls; weak green signal reflected by stigmatic cells walls (A, C, E, H); strong green signal reflected by 
GO sheets (B, D, F, G, I). Arrows = stigmatic surface, Arrowheads = GO flakes, Bars = 100 µm. 

The z-projection obtained by merging successive stacks (see Section 4.5) confirmed that the GO 
NPs (lateral dimension 0.5-30 µm) were neither internalized into the cytoplasm of the cells nor had 
penetrated in the underlying tissues of the pistils (Fig. 1g). This finding confirms previous 
observations on plant cells or tissues suggesting that the plant cell wall is an effective barrier towards 
flakes larger than 100 nm (24, 45): only very small flakes (40-60 nm) are rarely internalized or 
penetrate, and generally only when the cell has a thin wall (33, 46, 47).  

Because CLSM images do not allow clear identification of stigmatic surface injury, we used SEM 
in environmental mode (ESEM) to check for possible adverse effects caused by GO. ESEM 
observations confirmed the absence of GO NPs on CTRL (Fig. 2a,c,e,g) and blank samples. 
In GO-exposed samples, the integrity of the stigmatic surfaces was maintained even when almost 
all stigmatic cells were in contact with one or more NPs (Fig. 2b,d,f,h). Signs of damage such as 
wilted papillae, crests or trichomes, or cytoplasmic leachates were never observed in the species 
examined. These observations are consistent with those made on the dry stigma of entomophilous 
C. pepo exposed to dry GO and PGO NPs (36).  
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Fig. 2. Stigmas of (A, B) Corylus avellana, (C, D) Juglans regia, (E, F) Quercus ilex, (G, H) and Zea mays flowers 
observed by SEM operated in environmental mode. Stigmatic surfaces (A, C, E, G) before and (B, D, F, H) after 
the exposure to airborne graphene oxide (GO) nanoparticles (for more details, see section 2.4, 2.5); 
Arrows = stigmatic surface, Arrowheads = GO flakes, Asterisks = pollen grains, Bars = 50 µm. 
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2.3 GO and PGO effect on the pollen-stigma system in dry and wet conditions 

External adhesion of xenobiotics such as GO or PGO NPs to the stigmatic surface could affect 
pollen-stigma interaction (23, 24, 26). Therefore, we simulated wind pollination and evaluated pollen 
adhesion and germination on the stigma of CTRL, blanks and treated samples according to Zanelli 
et al. (2020) (25). Pollen adhesion in CTRL and blank samples was not significantly different in all 
the four species (Fig. 3a,c,e,g and Tab. S2). Treatment with GO significantly decreased pollen 
adhesion with respect to CTRLs by 3.5 and 2-fold in J. regia and Q. ilex, respectively (Figs. 3a,c,e,g 
and Tab. S2), whereas PGO did not change pollen adhesion in all the four species. Although physical 
and chemical effects can alter pollen adhesion (25, 48, 49), we can exclude physical interposition of 
the flakes between pollen and stigma, as observed when GRMs were applied in high amounts 
(approximately 1 mg per stigma) to the stigma of C. pepo (25, 26), because the coverage of flakes was 
homogeneous but low compared with the aforementioned studies and interested only 
approximately 3% of the projected surface. As for potential chemical interactions, the different 
compositions of GO and PGO could be the cause of the observed decrease in pollen adhesion in 
J. regia and Q. ilex. This could be a side effect caused by the strong acids and oxidants (mainly KMnO4 
and H2SO4) still present in small amounts in GO (as by-products of the production process) but not 
in the PGO dispersions (as they were removed by the cleaning/washing process) (Tab. S1). This 
hypothesis is supported by the absence of effects in PGO-exposed samples and by the similar effects 
on pollen adhesion caused by reactive substances possibly bound to airborne PM (49-51). The 
decreased pollen adhesion might be caused also by the different lateral dimension distribution of 
GO and PGO. However, in our case GO purification removed mainly flakes smaller than 500 nm 
which accounted only for 1.8 – 5.4% of the total (Fig. S1e,f). Reduced pollen adhesion lowers the 
density of pollen tubes growing through the stigmatic surface, and thus de facto lowers competition 
between pollen grains (52, 53). This may affect, perhaps counterintuitively, the success of the overall 
reproductive process, altering seed size and seedling vigour (54). 
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Fig. 3. Pollen-stigma interaction of (A, B) Corylus avellana, (C, D) Juglans regia, (E, F) Quercus ilex, (G, H) and 
Zea mays flowers not exposed (CTRL) or after the exposure to 0 (Blk) or 3.68 ng m-3 graphene oxide (GO) or 
purified-GO (PGO) and then subjected to simulated anemophilous pollination (for more details, see section 2.4, 
2.6, 2.8). (A, C, E, G) Pollen adhesion and (B, D, F, H) pollen germination on CTRL, Blk, GO and PGO-treated 
stigmas. Values are means ± s.d (n = 4 - 10); Asterisks = statistically different groups (GLM analysis post-hoc 
t-test; see Table S3). 



 

104 
 

Unlike pollen adhesion, pollen germination on the stigma was never affected in any of the species 
tested (Figure 3b,d,f,h and Tab. S2), as observed in C. pepo under similar conditions (36).  

In vitro studies of pollen performance in response to GRMs showed that GO can affect 
germination and pollen tube elongation in C. avellana (23). This is caused by the oxygen functional 
groups of GO (e.g., carboxylic, epoxy, and oxydrilic groups), which alter H+ and Ca2+ availability in 
the growth medium, thus affecting pollen homeostasis (24). Apparently, in vivo, the negative effects 
caused by the acidic nature of GO are effectively counteracted by the local environment, most likely 
due to the buffering ability of the released sticky substances. Under natural conditions, these 
substances could potentially be diluted by water films or droplets from fog, dew or rain, whereas 
GO NPs could deprotonate in the liquid environment and acidify the solution locally. To test this 
hypothesis, we focused on C. avellana because of the deleterious in vitro GO effect on pollen 
performance described in this species (23, 24). Therefore, C. avellana stigmas were wetted with dH2O 
before (CTRL- and GO-PRE) and after (CTRL- and GO-POST) pollination. Humidification of 
GO-PRE and/or GO-POST samples partially removed the GO NPs from the stigmatic surface 
(Fig. 4b,c,d), but pollen adhesion and germination were not affected (compare the GO-PRE and 
GO-POST treatments with the corresponding CTRLs, i.e., CTRL-PRE and CTRL-POST, respectively: 
Fig. 4e,f, Tab. S3). It can be concluded that the stigma of C. avellana can resist the reactivity of GO by 
maintaining a favourable environment for pollen germination even under humid conditions, 
possibly also in this case due to a buffering capability of the stigmatic surface. 
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Fig. 4. Interaction of graphene oxide (GO) nanoparticles with the pollen-stigma system of Corylus avellana in 
presence of films of liquid distilled water (dH2O). Stigmatic surfaces observed by confocal laser scanning 
microscopy in reflection mode: (A) not exposed or (B) after the exposure to GO and then pollinated; or after the 
exposure to GO and then rinsed in dH2O (C) before or (D) after pollination (for more details, see section 2.4, 2.5, 
2.7). Green signal: autofluorescence of chlorophylls; week green signal reflected by pollen walls; red signal: 
pollen grains autofluorescence; blue signal: blue aniline signal; pink signal reflected by GO sheets. Arrows = 
stigmatic surface, Arrowheads = GO flakes, Asterisks = germinated pollen grains, Bars = 200 µm. Pollen-stigma 
interaction of flowers not exposed (CTRL) or after the exposure to GO and then rinsed in dH2O before (PRE) or 
after (POST) being subjected to simulated anemophilous pollination (for more details, see section 2.4, 2.6-8). (E) 
Pollen adhesion and (F) germination on CTRL-PRE, GO-PRE, CTRL-POST and GO-POST-treated stigmas. 
Values are means ± s.d. (n = 5 - 7). 
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3. Final remarks 
This study shows for the first time that: (i) anemophilous flowers can intercept airborne GO NPs at 
very low atmospheric concentrations and (ii) depending on the chemistry and structure of the 
exposed stigmatic surface, GO can affect pollen adhesion but not germination. Moreover, liquid 
water films in C. avellana stigmas did not promote GO toxic effects due to its acidic nature, 
suggesting that stigmas have an intrinsic buffering capability. Nonetheless, the long-lasting 
receptivity of some anemophilous species such as C. avellana could favour the accumulation of GO 
NPs on the stigma, possibly resulting in more severe effects than those observed in this study. In 
contrast to GO, airborne PGO never affected the interaction between pollen and stigma in the species 
tested, emphasizing that the production residues possibly present in GO are the main cause of the 
adverse effects observed. 

4. Materials and methods 

4.1 GO preparation and characterization 

Graphene oxide (GO; batch #GOB067) was kindly provided by Graphenea (San Sebastián, Spain) 
and characterized as reported by Fusco et al. (56) and Zanelli et al. (2021a,b) (26). The full 
characterization is reported in another paper already submitted for publication (36) and can be 
found in the SI Appendix for completeness. Briefly, the analyses revealed: GO elemental 
composition was 59.40 ± 0.10% C, 1.40 ± 0.10% H, 0.07 ± 0.02% N, and < 36.6% O; the Raman spectrum 
of GO exhibited the characteristic bands D and G, with maxima at ∼1350 and ∼1600 cm-1, 
respectively; the lateral dimension of the flakes ranged from 0.5 to 30 µm, with an average of 
15.1 ± 0.4 µm, and had an average thickness of six layers (56); a 100 µg mL-1 GO dispersion had a pH 
of 3.3 ± 0.1. Representative Raman spectra, high-resolution electron transmission microscopy images 
(HR-TEM) and scanning electron microscopy images (SEM) can be found in the SI Appendix (Fig. 
S2). 

According to Ali Boucetta et al. (2013) (57), the GO was also purified from the residues of the 
production process by washing it several times with distilled water (dH2O) until the pH of the GO 
dispersion was stable. The supernatant removed after each washing step was kept and pooled after 
each washing step (henceforth referred to as GO purification residue, GOPR). Dimensional and 
elemental characterizations were also performed on the purified GO (PGO) and GOPR according to 
Zanelli et al. (2021b) (36) and shown in Fig. S2 and Tab. S1, respectively. A 100 µg mL-1 GO dispersion 
had a pH of 5.8 ± 0.3. 

4.2. Plant material 

Four anemophilous monoecious plants were selected on the basis of their biology and the 
characteristics of the stigmatic surface of the female flowers, namely C. avellana, J. regia, Q. ilex and 
Zea mays. Corylus avellana and J. regia are widespread dicotyledons that are also important from an 
economic point of view. Quercus ilex is an evergreen tree typical of Mediterranean sclerophyllous 
vegetation, often planted in urban areas. Zea mays is a monocot plant grown worldwide and is also 
a model plant. 
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4.2.1 Female flowers 

The female inflorescences of C. avellana consist of eight flowers (Fig. S1a), composed of two 
stigma-style complexes covered by unicellular club-shaped papillae (39); the stigmatic surface is dry, 
i.e., it does not secrete abundant liquid when ripening (40). The flowers of J. regia bear a large, 
bipartite stigma that looks feathery because of several crests present on its surface (Fig. S1b) and that 
is also covered with a sticky fluid (wet stigma) (29, 41). The flowers of Q. ilex bear a dry 
actinomorphic stigma with five V-shaped lobes gradually dilated at the apex and recurved (Fig. S1c); 
the surface extends adaxially along the stylar suture and is devoid of recognizable papillae (42). Zea 
mays cobs have hundreds of silks (Fig. S1d) bearing "fibrils" (the receptive trichomes); the entire 
surface of each silk forms the functional dry stigma (43). 

Female flowers were collected from 10 to 25 plants at the time of flowering. Data on origin and 
time of collection are given in Tab. 1. Approximately two weeks before flowering, branches of 
C. avellana and Q. ilex were emasculated, and female flowers were covered with paper bags to 
prevent uncontrolled pollination. The day before the experiments, branches or stems bearing flowers 
or inflorescences were cut under water and kept submerged overnight under laboratory conditions 
(dim light and 21° C). 

Tab. 1. Time, location and provider of plants bearing male and female flowers used in the study. n = number of 
plants used for the study. 

           
 

Species and cv.  Collection 
time 

 Collection location  Provider  n 
 

                       

Corylus avellana L. 

 

February 
2021 

 Male flowers      

 
  Classical Karst Gabrovizza (TS, 

Italy) 
 - 

 
15  

   Female flowers      

 
 

  
Botanical Garden of the 

University of Trieste (Italy) 
 

Giardini Stile di Loro 
Emanuele (Ronchis, 

UD, Italy) 
 10  

     Male and female flowers      

 Juglans regia L. cv. Lara  
May 
2021 

 
Commercial orchard in 
Chiarmacis (UD, Italy) 

 

Azienda Agricola 
Panciera Di Zoppola 

Gambara Nicolò 
(Zoppola, UD, Italy) 

 20  

     Male and female flowers      

 
Quercus ilex L. wild 

type 
 

June 
2021 

 
Classical Karst Duino-Aurisina 

(TS, Italy) 
 -  12  

     Male and female flowers      

 
Zea mays L.  

(hybrid P1517W) 
 

July  
2021 

 
Commercial orchard in 

Latisana (UD, Italy) 
 

Azienda Agricola di 
Buffon Gabriella 

(Latisana, UD, Italy) 
 25  

           

4.2.2 Pollen collection 

Pollen was collected from 6 to 20 plants; information on origin and time of collection is given in 
Tab. 1. For the three dicots, branches with immature catkins were collected and immediately 
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transported to the laboratory, where their bases were cut under water and kept immersed at 
laboratory conditions (see above) until flower ripening and stamen dehiscence (ca. 48 h). These 
species produce orthodox pollen that is almost completely dehydrated at stamen dehiscence but is 
still alive. In this suspended state, orthodox pollen can resist desiccation for days and is activated 
when rewetted over a stigmatic surface (58). After harvest, pollen was sieved through a sieve with 
a mesh size of 100 and then 60 µm to remove debris. It was then dehydrated over silica gel (RH ∼5%) 
for 48 h and stored at -20 °C until use. In contrast, Z. mays produces recalcitrant pollen that is 
partially hydrated and metabolically active when the stamens are dehiscent. They dehydrate within 
a few hours and gradually lose their viability (58). For this reason, the dehiscent inflorescences of 
Z. mays were collected on the same day of the experiment between 5:00 and 6:00 a.m., transported 
to the laboratory, where the pollen was collected, sieved through a 500 µm mesh sieve to remove 
residues, and used directly for the experiments. For each species, pollen was collected during the 
same period as for the female flowers. 

4.3. Experimental design 

The possible interaction between airborne GO and the sexual reproduction of anemophilous plants 
was investigated by exposing female flowers to a simulated atmosphere containing a concentration 
of GO NPs equivalent to that predicted in the environment for other heavily produced and used 
NMs (37). In a first experiment, the ability of anemophilous stigmas to intercept airborne GO NPs 
from the air was tested using microscopy techniques. In a second experiment, the possible effect of 
GO and PGO NPs on pollen adhesion and germination on the stigma was tested. In a third 
experiment, the possible interaction of GO on the stigmatic surface of C. avellana in the presence of 
a liquid water film mimicking the condensation of water vapour or rain was checked using the same 
techniques.  

4.4. Exposure of stigma to airborne GO 

The receptive stigmas of the target species were exposed to an atmosphere enriched in GO or PGO 
NPs, with all necessary measures taken to ensure workplace safety. Exposure was carried out in a 
custom-made 54.4 L (diam. 38 cm, H 50 cm) cylindrical deposition chamber made of polymethyl 
methacrylate (Ficed S.r.l., Desio, NW Italy, Fig. S3). An airbrush (AWSUC, Shenzhen Deshunke 
Technology Co., Ltd, Longgang, China) was placed under the chamber with the nozzle positioned 
in the centre of the chamber bottom and oriented from the bottom to the top (Fig. S3). A vent hole 
was placed 2 cm from the airbrush nozzle (diameter 2.5 mm) to maintain constant chamber pressure 
during nebulization. Air dispersions of GO and PGO NPs were obtained by nebulizing 2 mL of a 
90% v/v ethanol/water solution enriched with GO or PGO at a concentration of 100 µg mL-1. After 
nebulization (approximately 2 min), the vent was kept open and then sealed to prevent leakage of 
the GO NPs. Preliminary experiments were performed to find the correct setting of the airbrush 
(nozzle diameter: 0.3 mm; applied pressure: 1.4 bar, screw distance: 1 mm, estimated flow rate 
23-25 L min-1) to achieve complete liquid-gas phase transition of the nebulized ethanol/water 
solution and to avoid droplet condensation on the stigmatic surfaces and the walls of the chamber. 
An estimated concentration of 3.68 ng m-3 of GOs NPs was achieved in the chamber. This system 
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allowed to avoid a direct flow of GO NPs on the stigmatic surface and to achieve a homogeneous 
vertical deposition by gravity. Before each exposure of the flowers, the inner and outer surfaces of 
the bottom, lid and walls of the chamber were cleaned with dH2O and dried with damp absorbent 
paper to remove electrostatic charges and impurities. Before exposure, small branches (~25 mm long) 
bearing 1 or 2 receptive flowers of C. avellana, J. regia, and Q. ilex were cut under water and then the 
base was inserted through a hole in the lid into 2-mL vials filled with water. For Z. mays, 25 receptive, 
60-mm-long stigmatic tips were cut under water for each cob and inserted into a 2-mL vial as 
described above, leaving approximately 50 mm of the stigmatic surface exposed. Six to ten vials 
were then placed on the chamber floor, 5 cm apart and 20 cm from the nozzle (Fig. S3), and then 
exposed to nebulized ethanol/water GO or PGO suspension (GO/PGO samples) or ethanol/water 
solution (Blank samples). Blank, GO and PGO samples remained in the exposure chamber for 45 
minutes, then the lid was removed and the samples were kept in the sealed fume hood for another 
45 minutes under laboratory conditions to get rid of the excess ethanol. A parallel set of vials (CTRL 
samples) was kept under laboratory conditions (see above) and ~100% RH in a 9.2 L chamber 
(Kartell®, Milan, Italy) filled with 250 mL of dH2O (humid chamber) for 1.5 h. 

4.5 Adhesion of airborne GO NPs on stigmas 

To verify whether GO NPs were intercepted from the air and retained by the stigmatic surface, 
confocal laser scanning microscopy (CLSM) and SEM in environmental mode (ESEM) were used.  

CLSM - Stigmas from three CTRL, blank (C. avellana stigmas only), GO, and PGO samples were 
excised, mounted on glass slides with glycerin (Sigma Aldrich Chemie GmbH, Munich, Germany), 
and observed with a Nikon C1-si confocal microscope (Nikon, Tokyo, Japan) in reflection mode (44). 
The samples were illuminated with a 514 nm laser at an intensity of 0.5%. Light reflected from GO 
was detected with a 525/50 bandpass filter. Stigmatic cells/papillae were visualized with a 488 nm 
laser (12% intensity), and their autofluorescence was detected with a 650 long-pass filter 
(λ > 650 nm). Five to ten fields were acquired for each sample, and 7 to 20 focal planes (stacks) were 
acquired for each field. Images were processed using NIS Elements (version 5.21.02, Nikon, Tokyo, 
Japan) using the denoise function and ImageJ1 software (version 1.52a, NIH, Bethesda, MD, USA, 
1997) using a unification algorithm (z-projection) to merge stacks into two-dimensional images. 

ESEM - The stigmas of three CTRL, blank (C. avellana stigmas only), and GO specimens were 
excised, mounted on aluminium stubs, and observed using a Quanta250 ESEM (FEI, Oregon, USA) 
collecting secondary electrons (accelerating voltage: 30 kV; chamber pressure: 90 Pa). The entire 
stigmatic surface of each sample was examined and 10 to 15 micrographs were taken per sample. 
The latter were then carefully analyzed to detect structural changes in the stigma, such as 
agglutination/shrinkage of papillae and/or release of cytoplasmic contents, and to locate GO NPs on 
the surface. 

4.6 Anemophilous pollination of stigmas  

A specifically modified polypropylene-polycarbonate chamber (4.35 L, diam. 20 cm, H 23 cm; 
Kartell®, Milan, Italy) was used to disperse pollen in the air and simulate anemophilous pollination 
of the samples (Fig. S4). A fan of an infrared gas analyzer (IRGA) Licor 6250 (Li Cor Inc., Washington, 
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USA) was connected to a BaseTech BT 153 power supply (Conrad Electronic SE, Hirschau, 
Germany). The fan was then attached to the top of the lid inside the chamber and oriented from top 
to bottom to create homogeneous air turbulence (Fig. S4). A watch glass in the middle of the 
chamber, below the fan, served as a support for the pollen. To prevent pollen from escaping the 
chamber during operation, a double foam rubber seal was placed between the lid and the bottom 
edges. Dispersion of pollen by air turbulence was achieved by setting the power supply to 15.8 V. 
The viability of pollen used for simulated anemophilous pollination was always assessed before 
each exposure using the fluorescein diacetate (Sigma Aldrich, Munich, D) fluorochromatic reaction, 
with at least 200 pollens counted (59). Pollen viability was greater than 80% for C. avellana and Z. 
mays and greater than 50% for J. regia and Q. ilex. Anemophilous pollination was performed by (i) 
placing randomly selected CTRL, Blank, GO and PGO samples (n = 4-10) on the inner rim of the 
chamber, (ii) placing an aliquot of pollen (7.5 mg for C. avellana, J. regia and Q. ilex and 20 mg for 
Z. mays) in the centre of the watch glass and then (iii) activating the fan for 15 seconds to disperse 
the pollen in the air and pollinate the stigmatic surfaces. Then the samples were turned upside down 
and pollination was repeated to achieve homogeneous pollination. The pollen was then allowed to 
germinate on the stigmas overnight under laboratory conditions (see above) in a humid chamber. 

4.7 Pollen adhesion and germination on the stigmatic surface 

Pollen adhesion and germination on the stigmatic surface were assessed using the aniline blue 
staining protocol described in Zanelli et al. (2020) (25), with reagent volumes adjusted to the size of 
the stigmas of the species tested: 250, 400, 350, and 2,500 µL of NaOH 8N and dH2O were used for 
C. avellana, J. regia, Q. ilex, and Z. mays, respectively. Pollen adhesion was estimated by counting the 
total number of pollen grains detached from the stigmatic surface (n = 4-10) and expressed as a 
percentage difference from the CTRL samples. Germination rate was calculated as the percentage of 
germinated pollen grains still adhering to the stigma (n = 4-8) by counting 131 ± 64 pollen grains per 
stigma. 

4.8 GO interaction with films of liquid water 

The toxic effects of GO have been mostly observed in liquid environment (16–18), thus we verified 
if the presence of films of liquid water on the stigma can stimulate GO toxicity. Two sets of C. avellana 
CTRL and GO samples (n = 5-7) were rinsed in dH2O. The first set (CTRL- or GO-PRE) of samples 
were rinsed in 500 µL of dH2O for 30 seconds and then let to dry out for 1.5 h in laboratory conditions 
(see above) before pollination. The second set (CTRL- or GO-POST) was first pollinated and then 
rinsed in dH2O as previously described. All samples were maintained in a humid chamber overnight 
and then pollen adhesion and germination were assessed (see section 2.7). Three samples per 
treatment prepared as described in section 2.7 were then subjected to CLSM observations 
(see section 2.5). 

4.9 Statistical analysis 

Statistical analysis was performed using the Dplyr software package in the R environment 
(R, version 3.6.3., February 29, 2020, The R foundation for statistical analysis) (60). Significant 
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differences in pollen detachment and pollen germination were assessed with generalized linear 
models (GLMs), assuming treatments as categorical predictors. Differences among treatments were 
assessed with the post hoc pairwise t-test using the Bonferroni adjusted method. Differences with Pr 
and p values < 0.05 were considered statistically significant. 

Supplementary materials: Fig. S1: Stigmatic surfaces of female flowers of C. avellana, J. regia, Q. ilex and Z. mays; S1: GO 
preparation and characterization; Fig. S2: Physical characterization of GO, PGO and GOPR; Tab. S1: Elemental analysis of 
GO, PGO and GOPR; Fig. S3: Deposition chamber; Fig. S4: Pollination chamber; S2: Estimation of the number of GO flakes 
on the surface of C. avellana stigmas; Fig. S5: GO NPs present on stigmatic surfaces of C. avellana; Tab. S2: Results of the 
GLM analyses used to assess the effect of airborne GO or PGO on pollen adhesion and in vivo germination %; Tab. S3: 
Results of the GLM analyses used to assess the effect of  airborne GO in presence of films of dH2O on flowers of C. avellana 
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Supplementary materialS 

S1 GO preparation and characterization 

Graphene oxide (GO; batch #GOB067) was kindly provided by Graphenea (San Sebastián, Spain) 
and characterized as reported by Fusco et al. (1). A preliminary elemental analysis was performed 
with a LECO CHNS-932 analyser (LECO Corporation, St. Joseph, MI, USA) for C, H, N, and S. 
Raman spectroscopy was performed with an inVia Raman Microscope (Renishaw, Wotton-under-
Edge, UK), and lateral dimension measured by laser diffraction in the GO water dispersion. Flakes 
thickness was estimated by X-ray diffraction (XRD) analysis on a GO dry film. Representative 
images were also taken with high-resolution electron transmission microscopy (HR TEM JEOL 2100, 
by JEOL Ltd., Tokyo, Japan) and environmental scanning electron microscopy (ESEM, Quanta™ 250 
FEG, by FEI Ltd., Brno, Czech Republic). 
For the experiments, the purification procedure developed by Ali-Boucetta, et al. (2013)(2) was 
performed on GO to remove the residues of the production process. A 2 mg mL-1 GO dispersion in 
distilled water (dH2O) was subjected to 45 minutes centrifugation step at 4,800 ×g and then the 
supernatant was substituted with new dH2O. This washing step was repeated until the pH of the 
purified GO (PGO) dispersion was stable, i.e., ten times. For each PGO dispersion, the supernatants 
removed after each washing step was saved and pooled (from here on referred to as GO-purification 
residue, GOPR).  

We performed a quantitative elemental analysis for Cd, Cr, Cu, K, Mn, Pb on 100 µg mL-1 GO, 
PGO and GOPR dispersions by inductively coupled plasma mass spectrometry (ICP-MS) with a 
NexION 350X spectrometer (Perkin Elmer, Waltham, Massachusetts, MA, USA) in KED mode, and 
by inductively coupled plasma optical emission spectrometry (ICP-OES) with an Optima 8000 
Spectrometer (Perkin Elmer) for S. Approximately 4 mL of GO dispersions were filtered through a 
GHP Acrodisc (Pall Corporation, Port Washington, NY, USA) syringe filter (pore size: 0.22 µm) and 
then mixed with 50 µL of HNO3 69% (Normatom, VWR, Milan, Italy), 0.5 mL (for a final 
concentration of 50 µg L-1) of SC, Y, and Ho standard solutions used as internal standards (Sigma 
Aldrich, Milan, Italy), and adjusted to a final volume of 5.0 mL with milliQ water. The elemental 
concentration was then corrected using the relative dilution factor. The limits of detection (LOD) are 
listed in Tab. S2. 

PGO and GOPR flakes were observed by HRTEM to obtain their lateral dimension distributions. 
PGO and GOPR dispersions were centrifuged at 4,800 ×g, the supernatant and the precipitated 
fraction separated, then drop-casted on nickel grids (3.00 mm, 200 mesh), dried under vacuum, and 
observed at an accelerating voltage of 100 kV. Lateral dimension distributions were measured with 
FIJI software (NIH, Bethesda, MD, USA) (3). 
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Fig. S1: Physical characterization of graphene oxide (GO), purified-GO (PGO) and GO production residues 
(GOPR): (A) average Raman spectra; (B) representative HR-TEM image of GO; (C,D) representative SEM images 
of GO; (E, F) lateral size distribution of (E) PGO and (F) GOPR (n = 100). 
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Tab. S1: Elemental analysis, and relative limit of detection (LOD) of suspensions of 100 µg mL-1 graphene oxide 
(GO), purified GO (PGO) and GO production residues (GOpr) in distilled water (H2Od) (for more details, see 
section 2.2). Data are reported as mean ± standard deviation (SD). n = 3 – 5. 

              Element  LOD  dH2O  GO  PGO  GOpr  
   µg L-1  Mean ± SD  Mean ± SD  Mean ± SD  Mean ± SD  
                           Cd  0.001  < LOD  < LOD  < LOD  0.045 ± 0.048  
 Cr  0.080  0.021 ± 0.007  0.050 ± 0.021  0.022 ± 0.003  0.347 ± 0.074  
 Cu  0.003 

 
 0.417 ± 0.101  0.293 ± 0.136  0.379 ± 0.094  3.832 ± 2.351  

 K  0.002  4.892 ± 1.446  328.6 ± 29.11  21.33 ± 2.457  2,969 ± 2,435  
 Mn  0.001  0.028 ± 0.007  592.8 ± 78.06  12.02 ± 8.439  4,278 ± 334.4  
 Pb  0.002  0.054 ± 0.011  0.070 ± 0.015  0.077 ± 0.051  0.257 ± 0.178  
 S  250  < LOD  9,167 ± 798.0  594.0 ± 190.0  49,208 ± 3,254  
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Fig. S2: Stigmatic surfaces of female flowers of (A) Corylus avellana, (B) Juglans regia, (C) Quercus ilex and (D) Zea 
mays Stigmas are indicated by arrows. Bars = 0.1 cm in (A), 0.2 cm in (B), 0.1 cm in (C) and 1.5 cm in (D). 
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Fig. S3. Deposition chamber used to expose anemophilous flowers to an atmosphere enriched with airborne 
dry nanoparticles of graphene oxide (GO) and purified-GO (PGO). (A) Schematic and (B) real front view, and 
(C) schematic and (D) real top view of the chamber: (1) polymethylmethacrylate chamber, (2) flowers, (3) wood 
base, (4) compressor, (5) (P)GO dispersion reservoir, (6) vent hole, (7) pressure gauge, (8) airbrush. Dot lines = 
schematic representation of (P)GO flakes emission. 
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Fig. S4. Pollination chamber used to simulate anemophilous pollination. (A) Schematic and (B) real front view, and (C) 
schematic and (D) real top view of the chamber: (1) polypropylene polycarbonate chamber, (2) fan, (3) flowers, (4) watch 

glass with pollen, (5) dimmer, (6) power supply. Dot lines = schematic representation of pollen spreading. 
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S2 Estimation of the number of GO flakes on the surface of Corylus avellana stigmas 

In order to estimate the number of GO flakes that adhered on the stigmatic surface of C. avellana, the 
CLSM images of CTRL and treated stigmas were processed with ImageJ software and furtherly 
elaborated in GIS environment. Using ImageJ, the RGB channels of confocal images were split, and 
the green channel was used to detect GO flakes (for more details see section 4.5). However, owing 
to the biological compounds and/or particles naturally occurring on C. avellena stigmas a slight but 
detectable signal in the green channel was observed also on CTRL samples. For this reason, the 
maximum intensity of the green channel recorded in control samples was used as a threshold value 
to exclude the inherent background noise associated to stigmatic composition. 
Once the green channel of the image has been filtered, the remaining green pixels were selected and 
exported in GIS environment as raster files. Then, the number of green pixels over the stigmatic 
surfaces was estimated at 0.01 mm2 by randomly sampling 100 squared sub-areas of 10 x 10 µm each. 
This process was iterated 10,000 times in order to provide a reliable estimation of the number of 
graphene flakes per sub-area. Results show that the number of green pixels within the micrographs 
of CTRL and treated stigmas amount to 0.177 (CI 95%: 0.176 - 0.178) and 1.115 (CI 95%: 1.111-1.118) 
green pixels, per 100 µm2, respectively (see figure below). Then, green pixels cover approximately 
2% of the treated stigmatic surfaces. 

 
Fig. S5. Estimation of graphene oxide (GO) nanoparticles (NPs) present on stigmatic surfaces of Corylus avellana 
before (CTRL, blue bars) and after the exposure to airborne GO NPs (pink bars). The distribution of green pixels 
confocal laser scanning microscopy images represents the amount of reflecting particles present in a 100 µm2 of 
stigmatic surface (for more details, see section 2.4, 2.5). 
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Tab. S3. Results of the GLM analyses used to assess the effect of the interception (independent variable) of graphene oxide (GO) or purified-GO (PGO) nanoparticles by 
flowers not exposed (CTRL) or after the exposure to 0 (Blank) or 3.68 ng m-3 of GO or PGO, on pollen grains detachment from the stigmatic surfaces (Detachment) or 
germination percentage (Germination) (dependent variables), evaluated from the application of the aniline blue staining protocol on stigmas of Corylus avellana, Juglans 
regia, Quercus ilex, and Zea mays after simulated anemophilous pollination (for more details, see section 2.4, 2.6, 2.8). Values are reported as mean ± s.d.; n: number of 
replicates per single treatment; Pr > F: the probability that the table value for F is greater than the calculated value). 

               Treatment Pr > F n Detachment    Pr > F n Germination    
                             Corylus avellana < 0.05      < 0.05      
 CTRL  5 127 ±   65  a   6 93 ±   6  a  
 Blank  7 108 ±   61  a   6 86 ± 19  a  
 GO  7 119 ±   54  a   5 92 ±   6  a  
 PGO  7 208 ± 105  a   7 90 ±   4  a  
               Juglans regia < 0.05      < 0.05      
 CTRL  6 38 ±   20  a   6 67 ± 11  a  
 Blank  5 76 ±   63  a   5 61 ±   4  a  
 GO  9 141 ±   89  b   4 61 ±   5  a  
 PGO  6 77 ±   54  a   5 58 ± 16  a  
               Quercus ilex < 0.05      < 0.05      
 CTRL  10 156 ±   49  a   6 89 ±   4  a  
 Blank  8 224 ± 221  a   5 90 ± 10  a  
 GO  8 303 ± 154  b   6 94 ±   6  a  
 PGO  9 250 ±   82  a   9 93 ±   5  a  
               Zea mays < 0.05      < 0.05      
 CTRL  6 418 ± 165  a   6 89 ±   7  a  
 Blank  4 533 ± 275  a   6 87 ±   4  a  
 GO  5 655 ± 337  a   6 91 ±   5  a  
 PGO  4 543 ± 266  a   6 90 ±   4  a  
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Tab. S4. Results of the GLM analyses used to assess the effect of the interception (independent variable) of 
graphene oxide (GO) nanoparticles in presence of films of liquid distilled water (dH2O) on flowers of Corylus 
avellana not exposed (CTRL) or after the exposure to GO and then rinsed in dH2O before (PRE) or after (POST) 
being subjected to simulated anemophilous pollination (for more details, see section 2.4, 2.6-8). Values are 
reported as mean ± s.d.; n: number of replicates per single treatment; Pr > F: the probability that the table value 
for F is greater than the calculated value). 

               Treatment Pr > F n Detachment    Pr > F n Germination    
                              < 0.05      < 0.05      
 CTRL-PRE  5 358 ± 121  a   5 67 ± 15  a  
 GO-PRE  6 550 ±   65  a   6 74 ±   6  a  
                < 0.05      < 0.05      
 CTRL-POST  5 517 ±   63  a   6 59 ± 25  a  

G
O-

GO-POST  6 550 ± 192  a   6 39 ± 21  a  
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Abstract 

 The sexual reproduction of seed plants is based on an efficient pollen-stigma interaction, which can 
take place only in stable conditions. pH is critical for this process and a stigmatic buffering capability 
(SBC) was hypothesised when flowers were exposed to acid rains, but it has never been 
demonstrated. The acidity of graphene-related materials (GRMs) is considered the main factor 
possibly affecting plant reproduction. 

 The SBC of Cucurbita pepo was tested towards HNO3 and H2SO4 and the GRMs few-layer graphene 
(FLG), graphene oxide (GO) and purified-GO (PGO). Then, it was compared with those of Corylus 
avellana, Juglans regia and Zea mays. The exudates present on the stigmas of the selected species were 
analysed to verify the presence and amount of pectines that are known to possess buffering 
properties. 

 Cucurbita pepo SBC is sufficient to buffer GRMs acidity, but it is limited towards strong acids. SBC is 
lower in Corylus avellana and J. regia than in C. pepo, whereas it seems absent in Z. mays. Pectines 
seems to lack on Z. mays stigma, whereas they represent more than 30% of the exudates in C. pepo. 

 The existence of an SBC was demonstrated, suggesting different features at the base of GRMs toxicity. 

Keyword: Acid rains, Graphene oxide, Pectin, Pollen-stigma system, Stigmatic composition 
 

1. Introduction 

Pollen and stigma are the main actors of the sexual reproduction of seed plants and have been the 
subject of intense research for many decades [for a review see (Hiscock & Allen, 2008; Pacini & 
Franchi, 2020)]. However, researchers mainly focused on pollen as an independent structure to find 
the mechanisms at the base of pollen germination and pollen tube elongation (Mulcahy et al., 1986; 
Shivanna, 2003; Pacini & Franchi, 2020). Further efforts concentrated to study pollen-stigma 
interaction (Hiscock & Allen, 2008) to understand the chemical signalling at the base of stigma 
receptivity, pollen self-incompatibility and pollen tube polarized growth. All these phenomena are 
based on chemical signalling/sensing, so they might require stable conditions, even for weeks, as in 
the case of receptivity. Indeed, there are many examples of successful fecundation on flowers 
exposed to adverse weather (Hughes & Cox, 1994; Ortega et al., 2007) or contaminants (Cox, 1983; 
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Waser et al., 2017; Zhang et al., 2019). Nevertheless, there is not yet a full comprehension of the 
stigmatic homeostasis per se. 

Many physiological processes of plants take place only in determinate conditions. pH is strictly 
regulated in important physiological processes such as photosynthesis, cells elongation, stomatal 
movements and absorption of nutrients from the soil (Taiz et al., 2015). Its importance has been 
demonstrated also for pollen germination which can take place only at narrow ranges of pH 
(Shivanna, 2003). The formation of the new cell wall during the tip-focussed elongation of the pollen 
tube occurs only at pH allowing the binding of Ca2+ cations between fibrils of cellulose and pectines 
(Franklin-tong, 1999). Hence, at the stigma surface, a more or less efficient pH homeostasis should 
be ensured.  

The stigmatic surface is composed/covered by different substances as polysaccharides and 
proteins (Lawrence Pusey et al., 2008) but also anthocyanins, phenolic compounds, esters of fatty 
acids and lipophilic phenolic compounds (Martin, 1970), depending on both ripening stage and 
species. Pectines, i.e., polysaccharides often rich in galacturonic acid (Voragen et al., 2009), are one of 
the main components of cell walls and the extracellular matrix of stigmas (Shivanna, 2003). These 
molecules can bind H+ ions (Moreira et al., 2014), thus they might be good candidates at the base of 
a stigmatic buffering capability (SBC). 

Unexpectedly, so far very few studies dealt with the homeostasis of stigmas and SBC in detail. 
The hypothesis that plants have an SBC was suggested for the first time by Du Bay and Murdy (Du 
Bay & Murdy, 1983) studying the effects of acid rains on seed plants sexual reproduction. The 
interest in the effects of acid rains waned in recent years, at least in Western countries, but it did not 
disappear completely (Vlasov et al., 2021). Moreover, always new substances and materials with 
strong acidic properties are becoming very common. For instance, graphene oxide (GO), which 
decreased in vitro pollen performances mainly because of its acidity (Candotto Carniel et al., 2018), 
is a graphene-related material (GRM) with many applications and an increasing market and 
production (Ron Mertens, 2021).  

During the lifecycle of GRMs-enabled products, there might be a release of GRMs nanoparticles 
into the environment. Moreover, applications involving a direct release of GRM-composites, such 
as protective coatings (Nine et al., 2015), pesticides (Liu et al., 2017; Wang et al., 2019), plant fertilizers 
(An et al., 2017; Andelkovic et al., 2018), sand improvers for soil remediation (Maliyekkal et al., 2013), 
and drug enhancers (Miraftab & Xiao, 2019), are under development. Once in the air, nanoparticles 
of GRMs might be transported for very long distances as already observed for combustion-produced 
particles made of graphene-like layers (Weinbruch et al., 2018). These nanoparticles can be entrapped 
by the stigmatic surfaces of flowers (Zanelli et al., 2021a) and there they can interfere with the 
fundamental process of sexual reproduction (Zanelli et al., 2020, 2021c,b). In flowers of different 
species exposed to possible environmental concentrations of GO, pollen germination on the stigma 
was not affected, supporting the hypothesis of an SBC (Zanelli et al., 2021b,a). Until recently, many 
authors have taken the SBC for granted (Cox, 1984; Paoletti & Bellani, 1990; Yao et al., 1996) and, at 
the best of our knowledge, few works found empirical pieces of evidence of such purported 
capability (Wertheim & Craker, 1988; Zanelli et al., 2021b) but the mechanism at the base of it was 
never suggested. For the aforementioned reasons we recalled the hypothesis of SBC and aimed at 
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verifying it. 
In this work, first, we exposed stigmas of the entomophilous model plant (Knapp & Osborne, 

2019) Cucurbita pepo L. to increasing concentrations of HNO3, H2SO4, few-layer graphene (FLG), 
graphene oxide (GO) or GO purified from the production residues (PGO). Then, we compared 
C. pepo SBC with those of three further species, selected for their different pollination biology and 
stigma, i.e., Corylus avellana L., Juglans regia L. and Z. mays, towards HNO3, H2SO4 and GO. We also 
verified if different buffering performances can be explained by pectines composition of the 
stigmatic surface of the tested species. 

Confirming if and which species have an SBC will finally reply to a question too long left 
unanswered and will help us to understand the possible interaction mechanism between GRMs and 
stigmatic surfaces. 

2. Materials and Methods 

2.1 Plant material 

We selected four monoecious species, also important from an economical point of view on the basis 
of their biology, pollination biology and features of the stigmatic surface: Cucurbita pepo L. (summer 
squash), Corylus avellana L. (common hazel), Juglans regia L. (walnut), and Zea mays L. (corn). 
Cucurbita pepo is an entomophilous dicot model plant (Knapp & Osborne, 2019) cultivated 
worldwide. Corylus avellana and J. regia are anemophilous dicots with widespread distribution. Zea 
mays is a model anemophilous monocot plant (Barnabás, 1994) and the crop most cultivated in the 
world (c. 2 × 109 ha y-1) (FAOSTAT FAO statistical database 2019). Details about varieties, origin and 
collecting time are reported in Tab. 1. 

Tab. 1: Time, location and provider of plants bearing the female flowers used in the study. n = number of plants 
used for the study. 

              Species and cv.  Collection time  Collection location  GPS coordinates Provider  n  
                          

 
Cucurbita pepo L.  
ssp. pepo "greyzini" 
(summer squash) 

 

April 2020, 2021 

 
Botanical Garden of the 
University of Trieste 
(Italy) 

 
45°39'38.4"N 
13°47'42.7"E 

 
Salto di Fondi-Società 
Cooperativa Agricola 
A.r.L. (Fondi, Italy) 

 

50  

 
 

Corylus avellana L. 
cv. Contorta 
(common hazel) 

 February 2021  
Botanical Garden of the 
University of Trieste 
(Italy) 

 
45°39'38.4"N 
13°47'42.7"E 

 
Giardini Stile di Loro 
Emanuele (Ronchis, 
UD, Italy) 

 10  

 
Juglans regia L.  
cv. Lara 
(walnut) 

 May 2021  
Commercial orchard in 
Chiarmacis (UD, Italy) 

 
45°49'58.6"N 
13°04'25.1"E 

 

Azienda Agricola 
Panciera Di Zoppola 
Gambara Nicolò 
(Zoppola, UD, Italy) 

 20  

 
Zea mays L.  
hybrid P1517W 
(corn) 

 July 2021  
Commercial orchard in 
Latisana (UD, Italy) 

 
45°47'29.2"N 
13°00'24.3"E 

 
Azienda Agricola di 
Buffon Gabriella 
(Latisana, UD, Italy) 

 25  
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2.1.1 Female flowers 

Cucurbita pepo has single independent flowers bearing one pistil with three stigmas, each divided 
into two lobes, and covered by clusters of finger-like shaped papillae (Fig. 1a,b) (Winsor & 
Stephenson, 1995); the stigmatic surface does not secrete any fluid on its surface at ripening, i.e., it is 
a dry stigma (Heslop-Harrison, 1977). Corylus avellana bears female inflorescences made of c. twelve 
couples of digitiform dry stigma-style complexes, covered by unicellular, club-shaped papillae (Fig. 
1d,e) (Ciampolini & Cresti, 1998). Juglans regia has a single independent flower bearing a large 
bipartite wet stigma with a feathery aspect due to its largely evaginated surface (Fig. 1g,h) (Krueger, 
2000; Janković et al., 2021). Zea mays female inflorescence (the cob) presents hundreds of dry stigmas 
("silks") covered by receptive trichomes, the so-called "fibrillae" (Fig. 1j,k) (Heslop-Harrison et al., 
1984). 
We collected the female flowers from 10 to 50 plants at blooming, details on origin and collecting 
time are reported in Tab. 1. To avoid pollination, C. avellana twigs were emasculated two weeks 
before blooming and covered with paper bags; J. regia flowers and Z. mays cobs were also covered 
with paper bags five days before blooming. The day before experiments, twigs or stems bearing 
flowers or inflorescences were cut under water and kept immersed under laboratory conditions (dim 
light and 21° C) overnight. 
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Fig. 1 (a, d, g, j) Flowers, (b, e, h, k) stigmas and (c, f, i, l) schematic representation of the solid assembly used to 
calculate the stigmatic surface of (a, b, c) Cucurbita pepo, (d, e, f) Corylus avellana, (g, h, i) Juglans regia, (j, k, l) Zea 
mays. Letters in italics indicate stigma parameters as reported in Supplementary Information S1. 
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2.2 Materials 

Few-layer graphene (FLG, batch AF9_SC1_Ly) was kindly provided by MSOC-nanochemistry group 
(University Castilla-La Mancha, Ciudad Real, Spain) and was prepared and characterized as 
reported in Zanelli et al. (2020) (Zanelli et al., 2020). Briefly, the analyses showed that: FLG elemental 
composition was 95.2% C, 0.5 % H, 0.6% N and 0.2% S; FLG Raman spectrum had the two classical 
G and 2D bands (maxima at ~1580 and ~2700 cm-1, respectively) and a D band (at ~1345 cm-1) which 
suggests the presence of some defects at the margin of nanometric sheets, nevertheless, I(D)/I(G) 
was 0.46, indicating a low level of defects; flakes lateral dimensions were in the range 50 - 950 nm, 
with an average of 509 ± 233 nm and had an average thickness of 3 - 4 layers. Representative electron 
transmission microscopy (TEM) images and Raman spectra are reported in the SI (Fig. S1a,c). 

Graphene oxide (GO; batch #GOB067) was kindly provided by Graphenea (San Sebastián, Spain), 
its complete characterisation is reported elsewhere (Fusco et al., 2020; Zanelli et al., 2021c,b). In short, 
the analyses showed that: GO elemental composition was 59.4% C, 1.4% H, 0.1% N, S 2.5% and < 
36.6% O; The Raman spectrum of GO had the characteristic D and G bands (maxima at ∼1350 and 
∼1600 cm-1, respectively); flakes had lateral dimension between 0.5 and 30 µm, with an average of 
15.1 ± 0.4 µm and were in average six layers thick (Fusco et al., 2020). Representative scanning 
electron microscopy (SEM) and high-resolution TEM (HR-TEM) images and Raman spectra are 
reported in the SI (Fig. S1d,e,g). 

GO was also purified from the residues of the production process following the procedure 
reported in Ali-Boucetta et al. (Ali-Boucetta et al., 2013). GO suspensions were subjected to washing 
steps with distilled water (dH2O) repeated until the pH of the GO dispersion was stable. After each 
washing step, the supernatant was removed, saved and pooled (from here on referred to as GO 
purification residue, GOPR). Purified-GO (PGO) and GOPR were also characterized in terms of 
elemental composition and lateral dimension distribution according to Zanelli et al. (2021b) 
(Zanelli et al., 2021b) and reported in Fig. S1f,h and Tab. S1. 

2.3 Experimental design 

To verify if stigmatic surfaces of different species can buffer acidic substances and materials, stigmas 
were soaked in an electrolyte solution maintaining constant the ratio between stigmatic surfaces and 
volume of the solution and applying a titration procedure. In a first series of experiments, the 
stigmatic buffering capability (SBC) of C. pepo was tested monitoring the pH variation with 
increasing concentrations of the two acids HNO3 and H2SO4; then the measurements were repeated 
with three GRMs: FLG, GO, PGO. In a second series of experiments, the same protocol was applied 
on the four selected species at increasing concentrations of the acids and GO. 

2.3.1 pH measurement setup 

To verify if C. pepo has an SBC, pristine receptive stigmas were soaked in 10 mL of a NaNO3 0.01 N 
electrolyte solution (stigma-in samples). Attention was taken to maintain a 12 mm2 mL-1 ratio 
between the selected stigmatic surfaces and the NaNO3 solution volume. Stigmas were selected only 
if their surface ranged in between the s.d. bounds estimated for a standard stigmatic surface 
(for more details see SI S1) (Tab. 2).  
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Tab. 1: Acceptance range for the dimensions of the stigmas of Cucurbita pepo, Corylus avellana, Juglans regia and 
Zea mays and dimensions of the stigmas used to test their buffering capability (for more details see SI S1); values 
are reported as means ± s.d. 

         
 Species  

Stigmatic surface 
acceptance range (mm2) 

 Stigmatic surfaces (mm2)  n  

                   Cucurbita pepo  622.2 – 1,026  848.6 ± 99.1  44  
 Corylus avellana      7.8 – 26.04    18.7 ± 10.1  30  
 Juglans regia    68.1 – 137.5  100.5 ± 14.0  36  
 Zea mays  809.2 – 965.8  892.9 ± 227.0  36  
         

Attention was taken to soak only the stigmatic surface avoiding possible parts injured by the 
manipulation of the samples (Fig. 2).  Then, a HI1131B electrode connected to a HI5521 pH-meter 
(Hanna Instruments Italia S.r.l., Padua, Italy), was soaked in the NaNO3 solution maintained under 
stirring, avoiding any contact with the stigmatic surface (Fig. 2). After pH stabilization, c. 15 min 
after stigma soaking, we started pH values recording and titration. Ten additions of 40 µL of either 
HNO3 or H2SO4 0.1 N were conducted, reaching 3.85 mM as final concentration. Measurements took 
c. 45 min per each stigma (n = 6). The same procedure was repeated also in NaNO3 solutions without 
soaking any stigma ("blank") (n = 3). In a parallel experiment, stigmatic surfaces were previously 
slightly injured brushing them with a plastic loop to verify if the observed effect was caused by 
cytoplasmic leachates released in the electrolyte solution (data not shown). 
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Fig. 2 Experimental setup used to test stigmatic buffering capability. (a) Schematic and (b) real front view of the 
set up: (1) female flower, (2) pHmeter electrode, (3) stigmatic surface, (4) graphene-related materials (GRMs), 
(5) electrolyte solution, (6) stirring magnet. 

The aforementioned procedure was adapted to verify if C. pepo stigma successfully buffered the 
acidity of different GRMs. The stigma was soaked in 5 mL of NaNO3 0.01 N solution, then 10 
subsequent 500 µL additions of a NaNO3 0.01 N solution enriched with either GRM to a final 
concentration of 200 µg mL-1 (n = 3 - 6) were made. 

Stigmatic morphology and dimensions differ among the species (for more details see SI S1), for 
this reason, the titration volumes were modified for the remaining species and the results compared 
with the analysis made on C. pepo. The measurements were carried out with HNO3, H2SO4 and GO, 
maintaining the same ratio between stigmatic surfaces and the NaNO3 solution volume 
(i.e., 12 µL mm-2). We used 400, 1,300 and 10,000 µL for acids measurements and 200, 650 and 
5,000 µL for GO measurements for C. avellana, J. regia and Z. mays, respectively (n = 6).  
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To verify if SBC is an active or passive process, the measurements with the four species were 
repeated soaking the stigmatic surface for 45 min then removing it (stigma-out samples) and 
proceeding with the titration with either HNO3, H2SO4 or GO as aforementioned (n = 4 - 6). 

2.4 Characterisation/Analyses of stigmatic surface exudates 

The presence and quantification of pectin on the stigmatic surfaces of the tested species were tested 
according to Baldassarre (Baldassarre, 2017) and Houben et al. (Houben et al., 2011). First, the 
presence of pectines was verified by performing an extraction in H2O environment followed by the 
addition of ethanol 99% (EtOH) until an 80% EtOH/H2O solution was obtained. Preliminary 
experiments were performed with C. pepo stigmas to find the best extraction medium. Stigmas were 
soaked (see section 2.3.1) in dH2O, NaNO3 and HNO3 0.01 N, and in HNO3 0.01 N maintaining the 
pH constant between 4.5 and 5, adding or not the EtOH at the end of the extraction, then the samples 
were left at 4° C overnight to facilitate pectin precipitation. Afterwards, the supernatant was 
separated and the precipitate analysed according to the spectrophotometric method described by 
Blumenkrants & Asboe-Hansen (Blumenkrants & Asboe-Hansen, 1973). The best results in terms of 
repeatability were obtained with HNO3 0.01 N and adding the EtOH after the extraction. For the 
further species, pectin extraction was performed with the same protocol. 

2.5 Statistical analysis 

Statistical analysis was performed using the software package Dplyr in R environment 
(R, version 3.6.3., 29 February 2020, The R foundation for statistical analysis) (Bunn, 2008). 
Significant differences for pH values were assessed with generalized linear models (GLMs). For the 
experiments on C. pepo, concentrations of the acids or GRMs and the presence of the stigma were 
considered as categorical predictors. For the experiments on the four species, the presence of the 
stigma and the concentrations of the acids or GO were considered as categorical predictors. 
Differences among treatments were determined with the post-hoc pairwise t-test, applying the 
Bonferroni adjusted method. Differences with Pr- and p-values < 0.05 were considered statistically 
significant. 

3. Results 

3.1 Cucurbita pepo buffer capability 

In blank samples, after H2SO4 titration, pH reached 2.15 ± 0.06 at 3.85 mN, whereas, after HNO3 
titration, it was only 3.28 ± 0.01 at the same concentration (Fig. 3a and Tab. S3). In C. pepo stigma-in 
samples, the pH was significantly higher for both the acids (Tab. S3). pH was statistically higher 
than blanks until HNO3 1.57 mN (4.17 ± 0.41 and 3.69 ± 0.02 for stigma-in and blank, respectively). 
Diversely, in the case of H2SO4 titration pH had always values higher than blanks (Fig. 3b and 
Tab. S3), despite being always lower than HNO3 stigma-in samples. 
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Fig. 3 Cucurbita pepo stigmatic buffering capability at increasing concentrations of acids or graphene-related 
materials maintaining a 12 mm2 mL-1 ratio between the stigmatic surface and the electrolyte solution 
(NaNO3 0.01N) volume. (a,b) pH variation at increasing concentrations of HNO3 and H2SO4 (a) without (blank) 
and (b) with C. pepo stigma soaked in the electrolyte; and (c,d) at increasing concentrations of few-layer 
graphene (FLG), graphene oxide (GO) and purified-GO (PGO) (c) without (blank) and (d) with C. pepo stigma 
soaked in the electrolyte solution (for more details see section 2.3). Values are means ± d.s. 

Regarding GRMs, titrations showed different trends in blanks (Fig. 3c and Tab. S3). pH remained 
circum-neutral in the case of FLG (pH 6.12 ± 0.11 at 100 µg mL-1), whereas it decreased in the case of 
GO and PGO, with the first more acid than the second (e.g., at 100 µg mL-1: pH 3.29 ± 0.01 and 4.61 ± 
0.14 for GO and PGO, respectively,). Stigma-in samples had pH values circum-neutral for all the 
GRMs, with no significant difference between FLG and PGO, and with significantly lower values 
for GO (Fig. 3d and Tab. S4). For example, at 100 µg mL-1, pH values were 6.37 ± 0.09 and 6.19 ± 0.10 
for FLG and PGO, respectively, whereas it decreased to 5.49 ± 0.50 for GO. 

3.2 Stigmatic buffer capability in different species 

When titration was performed with HNO3 two main trends arose in both stigma-in and stigma-out 
samples: C. pepo and C. avellana had a similar SBC, whereas J. regia and Z. mays had lower values 
(Fig. 4ab and Tab. S4,S5). When the titration was performed with H2SO4, only C. pepo stigma-in 
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samples were significantly higher than blanks, whereas there were no statistical differences among 
the stigma-in samples of the remaining species and blanks (Fig. 4c and Tab. S4). Diversely, 
stigma-out samples had trends similar to those observed for HNO3 samples: C. pepo and C. avellana 
samples were significantly higher than blanks, whereas J. regia and Z. mays samples did not differ 
from blank samples (Fig. 4d and Tab. S4,S5). 

 
Fig. 4 Stigmatic buffering capability of Cucurbita pepo, Corylus avellana, Juglans regia and Zea mays at increasing 
concentrations of acids maintaining a 12 mm2 mL-1 ratio between the stigmatic surface and the electrolyte 
solution (NaNO3 0.01N) volume. pH variation at increasing concentrations of (a,b) HNO3 or (c,d) H2SO4 with 
(a,c) the stigma soaked in the electrolyte solution or (b,d) soaked for 45 min and then removed (for more details 
see section 2.3). Values are means ± d.s. 

Titrations performed with GO revealed different SBC among the species (Fig. 5). Cucurbita pepo 
stigma-in samples had the strongest SBC with always circum-neutral pH values (Fig. 5a and Tab. 
S4). Corylus avellana samples started from slightly basic values (7.60 ± 0.29) which decreased to pH 
values similar to blanks. Juglans regia had always values lower than C. avellana, but had similar 
behaviour, whereas Z. mays samples did not statistically differ from blanks. In stigma-out 
conditions, a much clearer trend was recognisable: C. pepo samples had the highest pH values; 
C. avellana values were lower than C. pepo ones; J. regia values were lower than C. avellana but still 
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higher than blanks pH values, whereas, again, Z. mays pH values did not differ from blanks 
(Fig. 5b and Tab S5). 

 
Fig. 5 Stigmatic buffering capability of Cucurbita pepo, Corylus avellana, Juglans regia and Zea mays at increasing 
concentrations of graphene oxide, maintaining a 12 mm2 mL-1 ratio between the stigmatic surface and the 
electrolyte solution (NaNO3 0.01N) volume. pH variation (a) with the stigma soaked in the electrolyte solution 
or (b) soaked for 45 min and then removed (for more details see section 2.3). Values are means ± d.s. 

3.3 Stigmatic composition 

In a preliminary experiment on C. pepo, the extraction medium with the best reproducibility was 
HNO3 0.01 N, then we used this method also for the remaining species. After the extraction, in 
C. pepo, C. avellana and J. regia extracts, the presence of a precipitate was clearly visible, whereas in 
Z. mays the extract appeared limpid. In C. pepo the pectin dry weight was 1.0 ± 0.3 mg, then there 
were approximatively 1.2 µg of pectines per mm-2 of stigmatic surface, with 33.8 ± 3.4% of 
galacturonic acid. The analysis of the extracts of the remaining species is still ongoing. 

4. Discussion 

The success of the sexual reproduction of seed plants is based on an efficient communication 
between male gametophyte and female sporophyte (Shivanna, 2003), which can take place only in 
stable conditions. The stigmatic surface can be affected by many environmental factors such as 
temperature, rainfall or parasites (Shivanna, 2003; Hedhly et al., 2005; Ortega et al., 2007), and by 
exposure to xenobiotics (Yi et al., 2003; Gillespie et al., 2014; Zanelli et al., 2021c) and acid rains 
(Wertheim & Craker, 1988; Hughes & Cox, 1994; Yao et al., 1996). However, when flowers of 
Oenothera parviflora L. and Lepidium virginicum L. were exposed to acid rains and SO2, respectively, 
pollen germination decreased whereas fruit or seed production did not (Du Bay & Murdy, 1983; 
Cox, 1984). Therefore, it was hypothesised that stigmatic surfaces could buffer acidic substances. 

Wertheim and Craker (Wertheim, 1986; Wertheim & Craker, 1988) reported an empirical 
observation of this purported capability. They soaked silks of Z. mays in 10 mL of a pH 4 simulated 
acid rain and monitored pH variation: after 2 h the pH increased to 5. However, this cannot be 
considered a demonstration of a stigmatic buffer capability: the authors did not perform a titration; 
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hence they did not verify if a solution with a soaked stigma "tends to maintain a constant hydrogen 
ions concentration", which is the definition of buffer (https://www.britannica.com/science/buffer-
chemistry). Differently, in another study C. pepo stigmas soaked in GO and PGO dispersions with 
different concentrations (Zanelli et al., 2021b) increased the pH at different levels, giving the first 
proof of a SBC. Starting from this setup, we developed an experimental design that allowed (i) to 
quantify the amounts of acids or GRMs that each stigmatic surface can buffer and (ii) to classify the 
different species on these bases, despite the diversity of their stigmas. 

The aforementioned authors suggested that stigmas can increase the amount of alkalinity 
released on the basis of the concentration of H+ ions (Wertheim, 1986). On the contrary, C. pepo in-
stigma samples maintained a circum-neutral pH only at low concentrations of HNO3 (< 0.04 mN), 
whereas they were never able to raise the pH above 4 in presence of H2SO4 (Fig. 3b). In the case of 
GRMs, pH was maintained circum-neutral for FLG and PGO (c. pH 6) and decreased below 6 only 
with GO concentrations higher than 46 µg mL-1 (Fig. 3d). These results demonstrate that C. pepo has 
an SBC, but that it is not indefinite and can withstand only weak acids as FLG and PGO or limited 
concentrations of strong acids as HNO3, H2SO4 or GO. 

To compare stigmas with different morphology, we selected only standardized stigmas (Tab. 2) 
and compared the SBC of the selected species applying the same surface volume ratio (12 mm2 mL-1). 
Among the four selected species, C. pepo stigma-in samples had the strongest SBC because were the 
only ones able to buffer to some extent both HNO3 and H2SO4 (Fig.4a,c). Corylus avellana stigma-in 
samples had a similar SBC to C. pepo when titrated with HNO3 but could not withstand H2SO4 
acidity. Diversely, J. regia and Z. mays did not buffer the acids at all (Fig. 4a,b). The titrations with 
GO confirmed that SBC was stronger in C. pepo stigma-in samples than in C. avellana ones and 
showed that J. regia could buffer small concentrations of this material, whereas Z. mays could not 
(Fig. 5a). The latter observation might appear in contrast with what reported in the literature 
(Wertheim & Craker, 1988), but it is possible that if Z. mays possesses any SBC this is very weak if 
compared with that of the other species. However, if the decrease of pH is clearly the main cause 
affecting the reproduction of plants exposed to acid rains (Cox, 1983; Hughes & Cox, 1994; Qiu et al., 
2005), this is not the case for GO. Indeed, when anemophilous flowers were exposed to airborne GO 
(the same batch used in this study), Z. mays pollen-stigma interaction was not affected, whereas J. 
regia pollen adhesion decreased (Zanelli et al., 2021a). Therefore, our results confirm that at least at 
possible environmental conditions, further features of GO can affect plant reproduction, such as the 
presence of phytotoxic substances used to produce the material on the flakes (Tab. S2). 

If the SBC observed was an active process, this should disappear or at least be very limited when 
the stigmas were removed from the electrolyte solution (stigma-out condition). On the contrary, the 
buffering action remained (Fig. 4b,d,5b), highlighting that SBC is a passive process and suggesting 
that something released from the stigmatic surfaces in the electrolyte solution is at the base of such 
phenomenon. This hypothesis was corroborated also by the agglutination of GO flakes on 
filamentous substances adherent to stigmatic surfaces during the titration (SI Video 1). 

Stigmatic surfaces can be composed/covered by different substances, such as carbohydrates, 
proteins, (Lawrence Pusey et al., 2008), anthocyanins, phenolic compounds, esters of fatty acids and 
lipophilic phenolic compounds (Martin, 1970; Shivanna, 2003). In C. pepo, more than 30% of the 
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exudates present on its stigmatic surface are made of pectines, molecules that can bind H+ ions 
(Moreira et al., 2014). Therefore, we hypothesise that the amount of pectines on the stigmatic surfaces 
of the selected species is at the base of the different buffering capabilities registered. A first piece of 
evidence corroborating such hypothesis is the absence of precipitate in the extracts of Z. mays. 
Indeed, pectines are insoluble in EtOH solutions (Baldassarre, 2017). However, the definitive 
confirmation of this hypothesis will come from the analysis of the exudates present on the stigmas 
of the remaining species. 

5. Conclusions 

In this research, we verified presence and extent of a stigmatic buffering capability (SBC) on four 
plants with different pollination biology and features of their stigmas. We verified the SBC of C. pepo 
towards increasing concentrations of HNO3, H2SO4 and FLG, GO, and PGO. Cucurbita pepo showed 
a limited SBC towards the two acids, whereas it maintained the pH circum-neutral in presence of 
the GRMs. Then, its SBC was compared with those of C. avellana, J. regia and Z. mays. Cucurbita pepo 
had the stronger SBC, followed by C. avellana and J. regia, whereas Z. mays stigmas never buffered 
the tested substances. Therefore, the production residues present in GO probably are the cause of 
the decrease of pollen adhesion to stigmas exposed to airborne GO in J. regia (Zanelli et al., 2021a), 
because at the same condition Z. mays pollen-stigma interaction was not affected. 

Diversely from what was reported in the literature (Wertheim & Craker, 1988), SBC is a limited 
and passive process, because the buffering action did not disappear when the stigmas were removed 
from the liquid. These results and the agglutination of GO flakes on filamentous compounds present 
on the stigma of C. pepo, suggested that substances dissolved from the stigmatic surfaces and 
interacted with the acids and GRMs. The first analysis of the exudates of C. pepo stigmas revealed 
that pectines might be at the base of this capability. Future analysis of the exudates present on the 
remaining species will verify if these compounds and their amount are at the base of the differences 
observed in SBC. 

Concluding, the hypothesis of a SBC, which was taken for granted over the decades but never 
verified, was demonstrated revealing the possible passive mechanism at its base. 

Supplementary Materials: S.1: Stigmatic surface estimation; Tab. S1: Dimensions of the stigmas; Fig. S3: Physical 
characterization of GO, PGO and GOPR; Tab. S2: Elemental content of dH2O, GO, PGO and GOPR; Tab. S3: Results of the 
GLM analyses used to assess the effect of C. pepo SBC in stigma-in condition on pH.at increasing concentrations of HNO3 
or H2SO4, FLG, GO and PGO; Tab. S4: Results of the GLM analyses used to assess the effect of SBC in sitgma-in condition 
on pH at increasing concentrations of HNO3 or H2SO4 andGO; Tab. S5: Results of the GLM analyses used to assess the 
effect of SBCin sitgma-out condition on pH at increasing concentrations of HNO3 or H2SO4 and GO; Video S1: 
Agglutination of graphene oxide (GO). 
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Supplementary materials 

S.1 Stigmatic surface estimation 

To compare pH variation maintaining a constant ratio between the stigmatic surface and the volume 
of the electrolyte solution, stigmatic dimensions were estimated with a dedicated method for each 
species.  

Cucurbita pepo. Stigmas were measured with an ABS Digimatic Calliper (Mitutoyo co., 
Kanagawa, Japan), following Zanelli et al. (2021b) (Zanelli et al., 2021b). The surface of a single 
stigma was approximated to two cylinders (for the stigmatic lobes) on top of a parallelepipedon base 
(Fig. 1b,c). The heights of the cylinders were measured from the tip of each lobe till the join of the 
two lobes (a and b), that of the parallelepipedon from the join of the lobes till the bottom of the stigma 
(c). The diameters of the cylinders were measured at the level of the join of the two lobes (d and e). 
The length of the parallelepipedon was obtained by summing the diameters (d + e). As z dimension 
of the parallelepipedon, the maximum of the two diameters was used (max [d, e]). The surface of 
each stigma was calculated as follow: 

 Surface lobe 1 = lateral surface lobe 1 + base surface lobe 1 
 Surface lobe 2 = lateral surface lobe 2 + base surface lobe 2 
 Parallelepipedon surface = surface of the parallelepipedon – (base surface lobe 1 + base 

surface lobe 2) 
 Stigmatic surface = Surface lobe 1 + Surface lobe 2 + Base surface 

Ninety stigmas belonging to 30 flowers were taken to estimate the stigmatic surface. 
Corylus avellana. Stigmas were excised and placed on a glass slide and then photographed 

with a Zeiss Axioplan microscope (Carl Zeiss, Oberkochen, Germany) equipped with a Kiralux 
CS505CU camera (Thorlabs Inc., Newton, NJ, USA). The digital images were analysed with FIJI 
software (NIH, Bethesda, MD, USA) (Schindelin et al., 2012). The surface of a single stigma was 
approximated to a cylinder using as diameter (a) and length (b) those of the stigma. The surface of 
each stigma was calculated as follow: 

 Stigmatic surface = Lateral surface + Base surface 
One hundred and 80 stigmas belonging to 16 flowers were taken to estimate the stigmatic surface. 

Juglans regia. Stigmas were measured with an ABS Digimatic Calliper, modifying the 
protocol used by Zanelli et al. (2021b) (Zanelli et al., 2021b). The surface of a single stigma was 
approximated to a truncated pyramid lying on a lateral face (Fig. 1h,i). The height of the major base 
was the height of the stigma at the tip (a), the length of the lateral face was measured from the tip of 
the stigma till the junction with the style (b), the height of the minor base was the height at the 
junction with the style (c). As z dimension of the major and minor bases, the width at the tip and at 
the junction with the style were used, (d and e) respectively. The surface of each stigma was 
calculated as follow: 

 Surface stigma = surface of the truncated pyramid ₋ (surface lower lateral face + surface minor 
base) 

Thirty-six stigmas belonging to 18 flowers were taken to estimate the stigmatic surface. 
Zea mays. The first 5 cm from the tip of the silk were excised and placed on a black paper 
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foil and then photographed with a Huawei P20 (Huawei Technologies Co. Ltd., Shenzhen, China). 
The digital images were analysed with FIJI software (NIH, Bethesda, MD, USA) (Schindelin et al., 
2012). Similarly to C. avellana, the surface of a single silk was approximated to a cylinder using as 
diameter (a) and length (b) those of the silk. The surface of each silk was calculated as follow: 

 Silk surface = Lateral surface + Base surface 
One hundred and 30 silks belonging to 4 cobs were taken to estimate the stigmatic surface. For 

the pH measurements, 13 silks per cob were selected. 

Tab. S1 Dimensions of the stigmas of the selected species as schematised in Fig. 1 and estimated stigmatic 
surface (for more details see Supplementary materials S1). Values are reported as means ± s.d. (n = 36 - 180).  

                    Dimension              Stigma  Pistil  
                                       Cucurbita pepo L.    Lobe 1    Lobe 2    Base      
                    Height (mm)  a  9.37 ± 1.33  b  9.18 ± 1.33  e  3.23 ± 1.33      
                    Diameter (mm)  c  3.02 ± 0.51  d  2.93 ± 0.49          
                    Length (mm)          c + d  7.23 ± 1.25      
                    Surface (mm2)              274.7 ± 67.3  824.1 ± 201.9  
                    Corylus avellana L.                  
                    Diameter (mm)  a            0.163 ± 0.03    
                    Length (mm)  b            1.289 ± 0.59    
                    Surface (mm2)              0.705 ± 0.38  16.92 ± 9.12  
                    Juglans regia L.    Major base    Minor base    Lateral face      
                    Height (mm)  a  2.74 ± 0.83   c  1.26 ± 0.29  b  5.41 ± 1.07      
                    Length (mm)  d  4.15 ± 1.08  e  2.17 ± 0.65          
                    Surface (mm2)              51.4 ± 17.3  102.8 ± 34.7  
                    Zea mays L.                  
 Diameter (mm)  a            0.459 ± 0.13    
                    Length (mm)  b            51.21 ± 3.2    
                    Surface (mm2)              73.96 ± 6.5  887.52 ± 78.3  
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Fig. S3 Physical characterization of graphene oxide (GO), purified-GO (PGO) and GO production residues 
(GOPR): average Raman spectra (A); representative HR-TEM image of GO (B); representative SEM images of GO 
(C, D); lateral size distribution (E, F) of PGO (E) and GOPR (F) (n = 100). 
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Tab. S2 Elemental analysis, and relative limit of detection (LOD) of suspensions of 100 µg mL-1 graphene oxide 
(GO), purified GO (PGO) and GO production residues (GOPR) in distilled water (H2Od) (for more details, see 
section 2.2). Data are reported as mean ± standard deviation (SD). n = 3 – 5. 

              Element  LOD  H2Od  GO  PGO  GOPR  
   µg L-1  Mean ± SD  Mean ± SD  Mean ± SD  Mean ± SD  
                           Cd  0.001  < LOD  < LOD  < LOD  0.045 ± 0.048  
 Cr  0.080  0.021 ± 0.007  0.050 ± 0.021  0.022 ± 0.003  0.347 ± 0.074  
 Cu  0.003 

 
 0.417 ± 0.101  0.293 ± 0.136  0.379 ± 0.094  3.832 ± 2.351  

 K  0.002  4.892 ± 1.446  328.6 ± 29.11  21.33 ± 2.457  2,969 ± 2,435  
 Mn  0.001  0.028 ± 0.007  592.8 ± 78.06  12.02 ± 8.439  4,278 ± 334.4  
 Pb  0.002  0.054 ± 0.011  0.070 ± 0.015  0.077 ± 0.051  0.257 ± 0.178  
 S  250  < LOD  9,167 ± 798  594 ± 190  49,208 ± 3,254  
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Tab. S3 Results of the GLM analyses used to assess the effect of the absence (blank) or presence (stigma-in) of the stigma of Cucurbita pepo (independent variables) at 
increasing concentrations of HNO3 or H2SO4, few-layer graphene (FLG), graphene oxide (GO), purified-GO (PGO) on pH (dependent variable) (for more details, see 
section 2.3). Values are reported as mean ± s.d.; n: number of replicates per single treatment; Pr > F: the probability that the table value for F is greater than the calculated 
value. 

                                            pH              
                              Concentration (mN)    0.00  0.40  0.79  1.19  1.57  1.96  2.34  2.72  3.10  3.47  3.85    
                              Treatment  n                        Pr >F  
                                                           HNO3                          < 0.05  
 Blank  3  6.49 ± 0.43 

 
 4.41 ± 0.07 
 

 4.03 ± 0.03 
 

 3.83 ± 0.02 
 

 3.69 ± 0.02 
 

 3.59 ± 0.01 
 

 3.50 ± 0.01 
 

 3.44 ± 0.01 
 

 3.38 ± 0.01 
 

 3.33 ± 0.01 
 

 3.28 ± 0.01 
 

   
 Stigma-in  6  6.20 ± 0.12 

 
 5.55 ± 0.24 
 

 4.93 ± 0.42 
 

 4.50 ± 0.39 
 

 4.17 ± 0.41 
 

 3.88 ± 0.43 
 

 3.66 ± 0.38 
 

 3.53 ± 0.42 
 

 3.37 ± 0.37 
 

 3.28 ± 0.31 
 

 3.17 ± 0.27 
 

   
 H2SO4                          < 0.001  
 Blank  3  6.65 ± 0.39 

 
 3.40 ± 0.14 
 

 2.98 ± 0.11 
 

 2.76 ± 0.09 
 

 2.62 ± 0.09 
 

 2.50 ± 0.08 
 

 2.40 ± 0.07 
 

 2.32 ± 0.06 
 

 2.26 ± 0.06 
 

 2.21 ± 0.06 
 

 2.15 ± 0.06 
 

   
 Stigma-in  6  6.15 ± 0.48 

 
 3.71 ± 0.17 
 

 3.29 ± 0.09 
 

 3.07 ± 0.08 
 

 2.91 ± 0.06 
 

 2.80 ± 0.05 
 

 2.70 ± 0.05 
 

 2.63 ± 0.04 
 

 2.57 ± 0.04 
 

 2.52 ± 0.04 
 

 2.51 ± 0.06 
 

   
                                                           Concentration (µg mL-1)    0  18  33  46  57  67  75  82  89  95  100    
 Treatment  n                          
                                                           FLG                          < 0.001  
 Blank  3  6.37 ± 0.21 

 
 6.37 ± 0.20 
 

 6.34 ± 0.17 
 

 6.29 ± 0.12 
 

 6.23 ± 0.06 
 

 6.23 ± 0.07 
 

 6.21 ± 0.07 
 

 6.21 ± 0.08 
 

 6.17 ± 0.12 
 

 6.14 ± 0.12 
 

 6.12 ± 0.11 
 

   
 Stigma-in  6  6.26 ± 0.17 

 
 6.33 ± 0.14 
 

 6.36 ± 0.12 
 

 6.37 ± 0.11 
 

 6.39 ± 0.10 
 

 6.39 ± 0.11 
 

 6.39 ± 0.11 
 

 6.39 ± 0.11 
 

 6.39 ± 0.11 
 

 6.38 ± 0.12 
 

 6.37 ± 0.09 
 

   
 GO                          < 0.001  
 Blank  3  5.97 ± 0.04 

 
 4.41 ± 0.05 
 

 3.93 ± 0.02 
 

 3.75 ± 0.04 
 

 3.60 ± 0.02 
 

 3.53 ± 0.04 
 

 3.45 ± 0.01 
 

 3.38 ± 0.03 
 

 3.36 ± 0.01 
 

 3.32 ± 0.02 
 

 3.29 ± 0.01 
 

   
 Stigma-in  6  6.50 ± 0.07 

 
 6.37 ± 0.05 
 

 6.24 ± 0.06 
 

 6.08 ± 0.17 
 

 5.97 ± 0.22 
 

 5.85 ± 0.31 
 

 5.76 ± 0.36 
 

 5.69 ± 0.37 
 

 5.62 ± 0.40 
 

 5.53 ± 0.45 
 

 5.48 ± 0.46 
 

   
 PGO                          < 0.001  
 Blank  3  6.63 ± 0.44 

 
 6.06 ± 0.41 
 

 5.85 ± 0.38 
 

 5.39 ± 0.32 
 

 5.19 ± 0.21 
 

 4.99 ± 0.23 
 

 4.90 ± 0.20 
 

 4.77 ± 0.16 
 

 4.72 ± 0.16 
 

 4.62 ± 0.15 
 

 4.61 ± 0.14 
 

   
 Stigma-in  6  6.44 ± 0.06 

 
 6.40 ± 0.05 
 

 6.38 ± 0.05 
 

 6.37 ± 0.02 
 

 6.33 ± 0.02 
 

 6.28 ± 0.07 
 

 6.25 ± 0.08 
 

 6.23 ± 0.06 
 

 6.21 ± 0.08 
 

 6.20 ± 0.10 
 

 6.19 ± 0.10 
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Tab. S4 Results of the GLM analyses used to assess the effect of the absence (blank) or presence (stigma-in) of the stigma and of the species (independent variables) at 
increasing concentrations of HNO3 or H2SO4 and graphene oxide (GO) on pH (dependent variable) (for more details, see section 2.3). Values are reported as mean ± s.d.; 
n: number of replicates per single treatment; Pr > F: the probability that the table value for F is greater than the calculated value; statistically different groups (post-hoc t-
test) are marked with different letters (for p-value < 0.05). 

                                            pH              
                              Concentration (mN)    0.00  0.40  0.79  1.19  1.57  1.96  2.34  2.72  3.10  3.47  3.85    
                              Species  n                        Pr >F  
                                                           HNO3                          < 0.001  
 Blank  3  6.49 ± 0.43 

 
 4.41 ± 0.07 
 

 4.03 ± 0.03 
 

 3.83 ± 0.02 
 

 3.69 ± 0.02 
 

 3.59 ± 0.01 
 

 3.50 ± 0.01 
 

 3.44 ± 0.01 
 

 3.38 ± 0.01 
 

 3.33 ± 0.01 
 

 3.28 ± 0.01 
 

 a  
 Cucurbita pepo  6  6.20 ± 0.12 

 
 5.55 ± 0.24 
 

 4.93 ± 0.42 
 

 4.50 ± 0.39 
 

 4.17 ± 0.41 
 

 3.88 ± 0.43 
 

 3.66 ± 0.38 
 

 3.53 ± 0.42 
 

 3.37 ± 0.37 
 

 3.28 ± 0.31 
 

 3.17 ± 0.27 
 

 b  
 Corylus avellana  6  6.37 ± 1.03 

 
 5.62 ± 1.25 
 

 4.94 ± 1.26 
 

 4.34 ± 0.83 
 

 3.82 ± 0.31 
 

 3.63 ± 0.27 
 

 3.52 ± 0.24 
 

 3.42 ± 0.23 
 

 3.35 ± 0.21 
 

 3.28 ± 0.20 
 

 3.23 ± 0.18 
 

 b  
 Juglans regia  6  7.30 ± 1.06 

 
 3.81 ± 0.88 
 

 3.16 ± 0.14 
 

 2.95 ± 0.09 
 

 2.79 ± 0.06 
 

 2.68 ± 0.05 
 

 2.60 ± 0.04 
 

 2.53 ± 0.04 
 

 2.46 ± 0.04 
 

 2.40 ± 0.03 
 

 2.35 ± 0.03 
 

 a  
 Zea mays  6  6.64 ± 0.80 

 
 3.81 ± 0.26 
 

 3.42 ± 0.21 
 

 3.20 ± 0.16 
 

 3.03 ± 0.13 
 

 2.91 ± 0.10 
 

 2.84 ± 0.12 
 

 2.76 ± 0.10 
 

 2.70 ± 0.10 
 

 2.64 ± 0.10 
 

 2.60 ± 0.08 
 

 a  
 H2SO4                          < 0.001  
 Blank  3  6.65 ± 0.39 

 
 3.40 ± 0.14 
 

 2.98 ± 0.11 
 

 2.76 ± 0.09 
 

 2.62 ± 0.09 
 

 2.50 ± 0.08 
 

 2.40 ± 0.07 
 

 2.32 ± 0.06 
 

 2.26 ± 0.06 
 

 2.21 ± 0.06 
 

 2.15 ± 0.06 
 

 a  
 Cucurbita pepo  6  6.15 ± 0.48 

 
 3.71 ± 0.17 
 

 3.29 ± 0.09 
 

 3.07 ± 0.08 
 

 2.91 ± 0.06 
 

 2.80 ± 0.05 
 

 2.70 ± 0.05 
 

 2.63 ± 0.04 
 

 2.57 ± 0.04 
 

 2.52 ± 0.04 
 

 2.51 ± 0.06 
 

 b  
 Corylus avellana  6  6.50 ± 0.43 

 
 3.94 ± 0.80 
 

 3.38 ± 0.77 
 

 3.19 ± 0.79 
 

 2.96 ± 0.61 
 

 2.87 ± 0.64 
 

 2.72 ± 0.53 
 

 2.58 ± 0.39 
 

 2.51 ± 0.38 
 

 2.44 ± 0.35 
 

 2.33 ± 0.24 
 

 a  
 Juglans regia  6  6.61 ± 0.69 

 
 3.56 ± 0.05 
 

 3.16 ± 0.02 
 

 2.95 ± 0.02 
 

 2.81 ± 0.03 
 

 2.71 ± 0.03 
 

 2.63 ± 0.03 
 

 2.55 ± 0.02 
 

 2.49 ± 0.02 
 

 2.44 ± 0.03 
 

 2.40 ± 0.03 
 

 a  
 Zea mays  6  6.76 ± 1.05  3.64 ± 0.39 

 
 3.12 ± 0.03 
 

 2.99 ± 0.06 
 

 2.86 ± 0.02 
 

 2.75 ± 0.01 
 

 2.67 ± 0.01 
 

 2.59 ± 0.04 
 

 2.56 ± 0.01 
 

 2.51 ± 0.01 
 

 2.46 ± 0.01 
 

 a  
                                                           Concentration (µg mL-1)    0  18  33  46  57  67  75  82  89  95  100    
 Species  n                          
                                                           GO                          < 0.001  
 Blank  3  5.97 ± 0.04 

 
 4.41 ± 0.05 
 

 3.93 ± 0.02 
 

 3.75 ± 0.04 
 

 3.60 ± 0.02 
 

 3.53 ± 0.04 
 

 3.45 ± 0.01 
 

 3.38 ± 0.03 
 

 3.36 ± 0.01 
 

 3.32 ± 0.02 
 

 3.29 ± 0.01 
 

 a  
 Cucurbita pepo  6  6.50 ± 0.07 

 
 6.37 ± 0.05 
 

 6.24 ± 0.06 
 

 6.08 ± 0.17 
 

 5.97 ± 0.22 
 

 5.85 ± 0.31 
 

 5.76 ± 0.36 
 

 5.69 ± 0.37 
 

 5.62 ± 0.40 
 

 5.53 ± 0.45 
 

 5.48 ± 0.46 
 

 b  
 Corylus avellana  6  7.60 ± 0.29 

 
 6.94 ± 0.53 
 

 6.13 ± 0.43 
 

 5.08 ± 0.25 
 

 4.47 ± 0.22 
 

 4.18 ± 0.24 
 

 3.96 ± 0.22 
 

 3.86 ± 0.21 
 

 3.77 ± 0.20 
 

 3.68 ± 0.20 
 

 3.61 ± 0.19 
 

 c  
 Juglans regia  6  6.28 ± 0.31 

 
 5.55 ± 0.66 
 

 5.32 ± 0.57 
 

 4.84 ± 0.59 
 

 4.52 ± 0.49 
 

 4.27 ± 0.48 
 

 4.14 ± 0.44 
 

 4.01 ± 0.41 
 

 3.92 ± 0.35 
 

 3.83 ± 0.33 
 

 3.77 ± 0.29 
 

 d  
 Zea mays  6  6.69 ± 0.40 

 
 5.22 ± 0.52 
 

 4.32 ± 0.23 
 

 3.97 ± 0.13 
 

 3.80 ± 0.10 
 

 3.69 ± 0.08 
 

 3.62 ± 0.06 
 

 3.56 ± 0.05 
 

 3.53 ± 0.05 
 

 3.49 ± 0.05 
 

 3.49 ± 0.08 
 

 a  
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Tab. S5 Results of the GLM analyses used to assess the effect of the absence (blank) or soaking and removal (stigma-out) of the stigma and of the species (independent 
variables) at increasing concentrations of HNO3 or H2SO4 and graphene oxide (GO) on pH (dependent variable) (for more details, see section 2.3). Values are reported as 
mean ± s.d.; n: number of replicates per single treatment; Pr > F: the probability that the table value for F is greater than the calculated value; statistically different groups 
(post-hoc t-test) are marked with different letters (for p-value < 0.05). 

                                            pH              
                              Concentration (mN)    0.00  0.40  0.79  1.19  1.57  1.96  2.34  2.72  3.10  3.47  3.85    
                              Species  n                        Pr >F  
                                                           HNO3                          < 0.001  
 Blank  3  6.49 ± 0.43 

 
 4.41 ± 0.07 
 

 4.03 ± 0.03 
 

 3.83 ± 0.02 
 

 3.69 ± 0.02 
 

 3.59 ± 0.01 
 

 3.50 ± 0.01 
 

 3.44 ± 0.01 
 

 3.38 ± 0.01 
 

 3.33 ± 0.01 
 

 3.28 ± 0.01 
 

 a  
 Cucurbita pepo  6  6.51 ± 0.21 

 
 5.51 ± 0.08 
 

 4.58 ± 0.30 
 

 3.98 ± 0.38 
 

 3.61 ± 0.36 
 

 3.34 ± 0.31 
 

 3.23 ± 0.26 
 

 3.05 ± 0.21 
 

 2.90 ± 0.15 
 

 2.82 ± 0.15 
 

 2.75 ± 0.12 
 

 b  
 Corylus avellana  4  6.50 ± 0.13 

 
 5.54 ± 0.64 
 

 4.73 ± 0.49 
 

 4.17 ± 0.44 
 

 3.75 ± 0.42 
 

 3.59 ± 0.34 
 

 3.34 ± 0.43 
 

 3.20 ± 0.35 
 

 3.10 ± 0.33 
 

 3.02 ± 0.27 
 

 2.99 ± 0.24 
 

 b  
 Juglans regia  6  6.83 ± 0.53 

 
 3.64 ± 0.14 
 

 3.29 ± 0.25 
 

 3.11 ± 0.36 
 

 2.85 ± 0.19 
 

 2.70 ± 0.12 
 

 2.58 ± 0.10 
 

 2.51 ± 0.08 
 

 2.43 ± 0.07 
 

 2.38 ± 0.05 
 

 2.32 ± 0.06 
 

 a 
a 

 
 Zea mays  6  6.82 ± 1.00 

 
 3.48 ± 0.02 
 

 2.20 ± 1.46 
 

 2.07 ± 1.37 
 

 2.83 ± 0.01 
 

 2.75 ± 0.04 
 

 1.88 ± 1.25 
 

 2.61 ± 0.04 
 

 2.55 ± 0.03 
 

 2.50 ± 0.03 
 

 2.45 ± 0.03 
 

 a  
 H2SO4                          < 0.001  
 Blank  3  6.65 ± 0.39 

 
 3.40 ± 0.14 
 

 2.98 ± 0.11 
 

 2.76 ± 0.09 
 

 2.62 ± 0.09 
 

 2.50 ± 0.08 
 

 2.40 ± 0.07 
 

 2.32 ± 0.06 
 

 2.26 ± 0.06 
 

 2.21 ± 0.06 
 

 2.15 ± 0.06 
 

 a  
 Cucurbita pepo  6  6.59 ± 0.15 

 
 5.65 ± 0.26 
 

 4.78 ± 0.36 
 

 4.16 ± 0.26 
 

 3.70 ± 0.16 
 

 3.38 ± 0.11 
 

 3.16 ± 0.18 
 

 2.99 ± 0.17 
 

 2.85 ± 0.14 
 

 2.76 ± 0.12 
 

 2.65 ± 0.15 
 

 b  
 Corylus avellana  4  6.36 ± 0.25 

 
 4.81 ± 1.25 
 

 4.12 ± 0.96 
 

 3.53 ± 0.57 
 

 3.25 ± 0.42 
 

 3.05 ± 0.41 
 

 2.87 ± 0.32 
 

 2.77 ± 0.33 
 

 2.66 ± 0.28 
 

 2.61 ± 0.31 
 

 2.49 ± 0.20 
 

 cd  
 Juglans regia  6  6.97 ± 0.45 

 
 3.57 ± 0.13 
 

 3.10 ± 0.06 
 

 2.90 ± 0.04 
 

 2.78 ± 0.08 
 

 2.67 ± 0.07 
 

 2.59 ± 0.09 
 

 2.51 ± 0.07 
 

 2.45 ± 0.06 
 

 2.38 ± 0.07 
 

 2.32 ± 0.07 
 

 ade  
 Zea mays  6  6.34 ± 0.28 

 
 3.18 ± 0.01 
 

 2.88 ± 0.01 
 

 2.71 ± 0.01 
 

 2.61 ± 0.05 
 

 2.51 ± 0.04 
 

 2.43 ± 0.04 
 

 2.36 ± 0.04 
 

 2.32 ± 0.03 
 

 2.27 ± 0.03 
 

 2.23 ± 0.03 
 

 ae  
                                                           Concentration (µg mL-1)    0  18  33  46  57  67  75  82  89  95  100    
 Species  n                          
                                                           GO                          < 0.001  
 Blank  3  5.97 ± 0.04 

 
 4.41 ± 0.05 
 

 3.93 ± 0.02 
 

 3.75 ± 0.04 
 

 3.60 ± 0.02 
 

 3.53 ± 0.04 
 

 3.45 ± 0.01 
 

 3.38 ± 0.03 
 

 3.36 ± 0.01 
 

 3.32 ± 0.02 
 

 3.29 ± 0.01 
 

 a  
 Cucurbita pepo  6  6.66 ± 0.20 

 
 6.50 ± 0.20 
 

 6.32 ± 0.23 
 

 6.15 ± 0.23 
 

 5.98 ± 0.24 
 

 5.82 ± 0.25 
 

 5.66 ± 0.23 
 

 5.47 ± 0.19 
 

 5.33 ± 0.17 
 

 5.18 ± 0.17 
 

 5.03 ± 0.16 
 

 b  
 Corylus avellana  4  6.60 ± 0.39 

 
 6.40 ± 0.29 
 

 5.84 ± 0.09 
 

 5.62 ± 0.12 
 

 5.34 ± 0.27 
 

 5.09 ± 0.29  4.97 ± 0.32 
 

 4.88 ± 0.33 
 

 4.78 ± 0.34 
 

 4.55 ± 0.32 
 

 4.30 ± 0.14 
 

 c  
 Juglans regia  6  6.32 ± 0.58 

 
 5.18 ± 0.76 
 

 4.63 ± 0.67 
 

 4.15 ± 0.58 
 

 3.87 ± 0.35 
 

 3.71 ± 0.20 
 

 3.63 ± 0.17 
 

 3.56 ± 0.12 
 

 3.52 ± 0.09 
 

 3.48 ± 0.14 
 

 3.43 ± 0.13 
 

 cd  
 Zea mays  6  6.17 ± 0.53 

 
 4.31 ± 0.03 
 

 3.97 ± 0.01 
 

 3.80 ± 0.01 
 

 3.69 ± 0.01 
 

 3.62 ± 0.01 
 

 3.56 ± 0.01 
 

 3.52 ± 0.01 
 

 3.49 ± 0.02 
 

 3.46 ± 0.01 
 

 3.43 ± 0.01 
 

 ad  
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https://photos.app.goo.gl/ypChyW83jr5EmKx28 

Video S1 Agglutination of graphene oxide (GO) flakes on exudates released from the stigmatic surface of 
Cucurbita pepo soaked in electrolyte solution subjected to titration (for more details see Section 2.3). 
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Conclusions 

The main aim of the present PhD project was to assess for the first time the effect of graphene-related 
materials (GRMs) on the sexual reproduction of seed plants in in vivo conditions. 

First, the effects of these materials were studied on different steps of the reproduction process of 
the entomophilous model plant Cucurbita pepo L. Then, the anemophilous Corylus avellana L. 
(common hazel), Juglans regia L. (walnut), Quercus ilex L. (holm oak) and Zea mays L. (corn) were 
selected to verify if their stigmas can intercept airborne GRMs and if these can affect their 
reproduction. Finally, the hypothesis of a stigmatic buffering capability (SBC) was tested towards 
GRMs acidic properties. 

The effect of few-layer graphene (FLG) was compared with muscovite mica, a natural 2D 
nanomaterial (NM), on pollen viability, stigma integrity and their interaction in terms of pollen 
adhesion and germination on the stigma of C. pepo. The application of 1 mg of either material on the 
stigma equally decreased pollen adhesion and germination, demonstrating that FLG effect is 
equivalent to that of a naturally occurring 2D NM. 

In a similar study, graphene oxide (GO) and GO purified from production residues (PGO) were 
tested on pollen-stigma interaction and fruit and seed production and development of C. pepo. Both 
GOs altered the pollen-stigma system and fruit and seed production, suggesting their possible 
toxicity on plant reproduction.  

In a third study on C. pepo, a new method to expose stigmas to dry depositions of GO and PGO 
was developed. These materials were tested on the same parameters, applying 
environmental-compatible amounts in the range 5.5 - 22 ng mm-2. These depositions did not affect 
the pollen-stigma system, fruit production and development or seed production. However, 
depositions of 22 ng GO mm-2 reduced seed mass, suggesting that production residues (e.g., strong 
acids and oxidants) still bound to GO might dissolve into the style and interact with growing pollen 
tubes. Still, GO depositions (up to 11 ng GO mm-2) higher than the daily deposition of the total 
particulate matter in polluted areas, was safe for C. pepo reproduction, establishing the first "safety" 
limit of GO depositions for the reproduction of a seed plant. 

In a fourth study, a dedicated setup was developed to verify if airborne GOs can be entrapped 
by anemophilous stigmas, affect their pollen-stigma system and interact with films of liquid water 
possibly present on the stigma. Stigmas were exposed to dry depositions of GO and PGO and were 
subjected to simulated anemophilous pollination. Anemophilous stigmas intercepted airborne GOs. 
However, GO did not affect the pollen-stigma system of C. avellana and Z. mays whereas it lowered 
pollen adhesion to the stigma in J. regia and Q. ilex. The presence of liquid water neither completely 
remove GO nanoparticles, nor enhanced the negative effects of GO. Notably, PGO did not affect the 
pollen-stigma system. 

Finally, the SBC hypothesis was demonstrated. Stigmas of C. pepo, C. avellana, J. regia and Z. mays 
were soaked in electrolyte solutions. pH variations of solutions with or without soaked stigmas were 
monitored progressively adding GRMs, while acid solutions were used as a positive control. The 
stigmatic exudates were analysed to verify the presence and amount of pectines, which are known 
to possess buffering properties. Cucurbita pepo SBC is sufficient to buffer GRMs acidity, but it is 
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limited towards strong acids. SBC is lower in C. avellana and J. regia than in C. pepo, whereas it seems 
absent in Z. mays. Pectines might be at the base of SBC because they lack on Z. mays stigma but 
represent more than 30% of the exudates of C. pepo. These results corroborate the hypothesis that the 
production residues present in GO are at the base of the toxic effects observed because at the same 
conditions pollen adhesion to the stigma decreased in J. regia (and Q. ilex) but not in Z. mays. 

In this PhD project, for the first time, GRMs effects were studied on both pollen and stigma, their 
interaction and the subsequent steps of the reproduction process, i.e., fruit and seed production and 
development. The selected organisms were exposed to GRMs in conditions progressively more 
similar to what we expect to find in the environment, developing setups that allowed to reproduce 
standardised and finely controlled atmospheres enriched with airborne GRMs. Moreover, attention 
was posed to verify a possible interaction mechanism based on the acidic properties of GO.  

On the basis of the studies here presented, for the reproduction of seed plants, GRMs 
nanoparticles possibly released in the atmosphere can be considered per se no more hazardous than 
those of naturally occurring 2D NMs. On the other hand, the phytotoxic substances (i.e., strong acids 
and oxidants) used to produce GO and still adherent to its flakes can hinder the finely tuned 
communication between pollen and stigma, altering the reproduction process. Therefore, the 
application of accurate purification procedures before the use of GRMs should be considered in view 
of a "safer-by-design" approach.  

The use of both model and non-model species allowed us to identify plants more sensitive than 
others to airborne GRMs and with remarkable differences in SBC. This highlights the need to enlarge 
the number of species studied because the reproduction process might be more vulnerable in some 
plants than in others. 

Until now, the aerodynamic behaviour of GRMs has been studied just through a modelling 
approach, but only an empirical comparison between different GRMs, as well as further NMs, would 
confirm (or not) their possible transport and permanence in the air. Similarly, there is a lack of 
records of atmospheric emissions of GRMs and data are available only for the workspaces of small 
laboratories and production facilities or through probabilistic models. Such information will allow 
researchers to design experiments with exposure modalities resembling real environmental 
conditions, such as mesocosms, greenhouses or open-top chambers, even if efforts should be made 
to avoid safety risks for operators and the surrounding environment (e.g., leakage of GRMs 
nanoparticles). 

In the future, GRMs will be not the only bidimensional NMs present in our everyday life; for 
example, hexagonal boron-nitride (h-BN) and molybdenum disulphide (MoS2) are studied for 
multiple applications. Therefore, research should focus also on further 2D NM families, verifying 
their effects on the sexual reproduction of seed plants with particular attention to anemophilous 
species and their filial progeny. Dedicated works should verify if very small flakes, as well as 
production impurities, can dissolve in the style tissues and be transported to the ovule by active (e.g., 
adhering to the elongating pollen tube) and/or passive mechanisms (e.g., through the apoplastic 
way). Once interacting with the ovule, GRMs might affect plant fitness altering the fecundation 
process, modifying the transfer of the genetic material or influencing the development of the 
embryo. Furthermore, studies should investigate the interaction mechanisms at the base of the 
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observed effects, paying attention to the use of both commercial and pure engineered 2D NMs, and 
naturally occurring 2D NMs as a comparison. This is the only way to assess the actual hazard of 
GRMs and further 2D NMs for seed plants.
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Graphene environmental biodegradation: Wood degrading 
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Abstract: The environmental biodegradability profile of graphene-related materials (GRMs) is important to 
know in order to predict whether these materials will accumulate in soil or will be transformed by primary 
decomposers. In this study, few-layer graphene (FLG) was exposed to living and devitalized axenic cultures 
of two white-rot basidiomycetes (Bjerkandera adusta and Phanerochaete chrysosporium) and one soil 
saprotrophic ascomycete (Morchella esculenta) with or without lignin, for a period of four months. Over this 
time, the increase of fungal biomass and presence of H2O2 and oxidizing enzymes [laccase/peroxidase and 
lignin peroxidase (LiP)] in growth media was assessed by gravimetric and spectrophotometric 
measurements, respectively. Raman spectroscopy and transmission electron microscopy (TEM) were used to 
compare the structure of FLG before and after incubation. All of the test fungi decreased pH in growth media 
and released H2O2 and laccase/peroxidase, but only basidiomycetes released LiP. Independent of growth 
media composition all fungi were found to be capable to oxidize FLG to a graphene oxide-like material, 
including M. esculenta, which released only laccase/peroxidase, i.e. the most common enzymes among 
primary decomposers. These findings suggest that FLG involuntarily released into terrestrial environments 
would likely be oxidized by soil microflora. 

Keywords: fungal decomposers; laccase; lignin peroxidase; Raman analysis; 2d materials. 

1. Introduction 

Graphene is considered to be one of the ground-breaking materials of the future thanks to 
its extraordinary chemical and physical properties, making it suitable for numerous 
applications, including optoelectronics, automotive, medical, energy storage and mobile 
communications (Novoselov et al., 2012). Since its isolation in 2004 (Novoselov et al., 2004), 
the number of patented applications and technologies have increased exponentially over 
time and fruits of the research are now becoming ubiquitous in society; a few examples 
include sports equipment, ear pods, phone dissipators, bicycle tyres and brake pads, 
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asphalts for road paving, and many more (for a list see www.graphene-info.com). 
Singularly, these objects only contain a small amount of graphene and GRMs which may 
inadvertently be released into the environment during the production, use or discharge 
processes. However, some applications involve the deliberate release of GRMs for specific 
aims, such as pest-control (An et al., 2017; Liu et al., 2017; Miraftab and Xiao, 2019; Wang et 
al., 2019) or delivery of drugs and fertilizers (An et al., 2017; Andelkovic et al., 2018; Kabiri 
et al., 2017) in crops. Unfortunately, the environmental fate of graphene and GRMs is still 
largely unknown, because only chemical-physical degradative processes by abiotic means 
have been investigated to date (Huh et al., 2011; Radich et al., 2014).  

The role of organism-mediated degradation processes on the environmental fate of these 
materials have largely been ignored (Fadeel et al., 2018). In terrestrial habitats, dead organic 
matter is progressively mineralized for use as an energy source into carbon and other 
nutrients by primary decomposers such as bacteria and fungi. Fungi have generally been 
described as the most efficient decomposers because they use hyphae to penetrate the 
substrate, while bacteria are restricted to growing and feeding on exposed surfaces of 
organic matter. In addition, some fungi are known to degrade macromolecules recalcitrant 
to the attack of bacteria (Boonchan et al., 2000).  

A specialized group of wood-degrading basidiomycetes (so-called “white rots”) is 
capable of degrading lignin which is one of the most abundant, highly heterogeneous and 
recalcitrant biopolymers in nature. To break down lignin, fungal mycelia produce and 
release a complex exudate of a plurality of oxidative enzymes (e.g. lignin-, Mn-dependent-, 
versatile-peroxidases etc.), their substrates (e.g. H2O2, veratryl alcohol etc.) and 
biosurfactants (Ostrem Loss and Yu, 2018). The catalytic cycle of these enzymes generates 
highly oxidizing radical species, which can oxidize non-phenolic (LiP) or phenolic (MnP) 
compounds of lignin, thus fragmenting it (Ten Have and Teunissen, 2001). Moreover, the 
presence of lignin fragments appears to stimulate even further production and release of 
the aforementioned exudates (Rogalski et al., 1991). Biosurfactants enhance the process by 
decreasing surface and interfacial tension forces of degraded molecule fragments making 
them more hydrophilic and thus, bioavailable (Volkering et al., 1995).  

This capability was exploited in the past to develop technologies for the removal of 
persistent pollutants from the environment but also for industrial purposes. In fact, these 
fungi can successfully degrade xenobiotic molecules (Pinedo-Rivilla et al., 2009). For 
example, some white-rot fungi (as do numerous bacteria) can degrade a variety of organic 
pollutants, from the less persistent polycyclic aromatic hydrocarbons (i.e. benzo-a-pyrene) 
(Ostrem Loss and Yu, 2018) to highly persistent organo-halogenated compounds such as 
PCBs, dioxins and furans (Mori and Kondo, 2002; Stella et al., 2017). White rots and other 
basidiomycetes were thus used for bioremediation of industrial wastewaters and 
contaminated soils (Fan et al., 2013; Faraco et al., 2009; Robinson and Nigam, 2008). 
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Examples of possible industrial applications for white rots degradative process were the 
“bleaching” of wood pulp for the paper industry (Kondo et al., 1994) and the solubilisation 
of hard and low-rank coal in order to obtain water-soluble low-molecular-weight polymers 
with added value for further industrial processes (Catcheside and Ralph, 1999; Hofrichter 
et al., 1997). The studies on coals showed that white-rots were able to cleave and transform 
coal seams thanks to the mechanical action of hyphae and to the enzymes they use to 
degrade dead organic material, particularly LiP and MnP, respectively (Catcheside and 
Ralph, 1999).  

For these reasons, white-rots (together with other saprotrophic fungi) may be the best 
candidates to study the degradation of GRMs, or at least for their transformation into 
chemical species more vulnerable to a wide range of primary decomposers, such as less 
aggressive fungi and bacteria. The only few studies available on this topic tested the 
degradative capabilities of the white-rots and their purified lignin peroxidase (LiP) on 
already oxidized carbon nanomaterials (Chen et al., 2017; Yang et al., 2019). Oxidized forms 
of graphene, such as graphene oxide (GO) and reduced GO, possess defects on their lattice 
making them more prone to be oxidized by degradative extracellular enzymes, such as 
peroxidases (Kotchey et al., 2012). By comparison, graphene and FLG are made of almost 
100% carbon atoms organized in a regular two-dimensional honeycomb structure (Geim, 
2009) and should therefore be more resistant to radicals produced by the fungal extracellular 
enzymes. Hence, the aim of this work was to test the capability white-rots basidiomycetes 
and saprotrophic ascomycetes in the biodegradation of FLG. For this purpose, the 
basidiomycetes Bjerkandera adusta and Phanerochaete chrysosporium, and the ascomycete 
Morchella esculenta were selected for (i) well-known degradative capabilities, even towards 
recalcitrant xenobiotic molecules, (ii) production and release of different pools of 
degradative enzymes (Gramss et al., 1999; Tuor et al., 1995), and (iii) because are 
representative of wood- or litter degrading organisms. To test if these fungi are able to 
degrade FLG, they were grown for up to four months in liquid cultures enriched with FLG, 
which was analysed by Raman and TEM microscopy at the end of the incubation period.  

2. Materials and methods 

2.1 FLG preparation and characterization 

FLG was prepared by the ball milling treatment described by González-Domínguez and 
coauthors (Gonzáles-Domínguez et al., 2018) starting from a mixture of graphite (7.5 mg of 
SP-1 graphite powder, Bay Carbon, USA), and melamine (22.5 mg of 1,3,5-triazine-2,4,6-
triamine, Sigma-Aldrich, D). The resulting solid mixture was suspended in water and 
melamine was washed away by dialyzing against water. The liquid fraction with stable 
sheets in suspension (FLG) was lyophilized and when required, the material was re-
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suspended in water to a final concentration of 100 µg mL-1. FLG powders were characterized 
by thermogravimetric analysis (TGA) with a TGA Q50 (TA Instruments, USA) at 10ºC per 
minute under atmospheric nitrogen, from 100ºC to 800ºC. An aliquot of the FLG suspension 
was drop-casted onto a Si wafer, dried on a hot plate and analysed with an inVia Raman 
Microscope (Renishaw, UK) at 532 nm with a 100 objective and an incident power of 1% (1 
mW µm-2). Quantitative analyses of C, H, N and O were carried out with a LECO CHNS-
932 (LECO Corporation, USA) elemental analyser. Seven µL of the FLG suspension was cast 
onto nickel grids (3 mm, 200 mesh), dried under vacuum and observed with a high-
resolution TEM at an accelerating voltage of 200 kV. Images were analysed with Fiji 
software to calculate the lateral size distribution.  

2.2 Fungi cultures and growth 

Axenic strains of the white-rot fungi basidiomycetes Bjerkandera adusta (Willd.) P. Karst. 
(strain nr. CBS 595.78) and Phanerochaete chrysosporium (Fr.) P. Karst. (CBS 246.84), and the 
soil ascomycete Morchella esculenta (L.) Pers. (CBS 172.73) were purchased from Westerdijk 
Fungal Biodiversity Institute (Utrecht, NL). The fungi were sub-cultured in Microbox Junior 
40 vessels (Duchefa Biochemie, NL) filled with 20 g of solid malt extract agarose medium 
comprised of 30 g L-1 malt extract; 5 g L-1 peptone from meat; 15 g L-1 agar and grown under 
dim light conditions (c. 18 µmol photons m-2 s-1) using a cycle that comprised of 14/10 hrs of 
light/darkness at 20 °C until the development of abundant biomass. 

2.3 Fungal growth with FLG 

A preliminary experiment was carried out to assess whether the presence of FLG in culture 
media had a negative effect on the growth of the test fungal species. Fungal biomass was 
harvested from solid cultures (described in section 2.2) weighed, re-suspended in liquid 
malt extract glucose medium (MEG) (Muzikář et al., 2011) to a concentration of 50 mg mL-1 
(fresh weight) and homogenised with a Tissue Grinder (VWR, U.S.A.). Aliquots of 200 µL 
were inoculated into sterile Erlenmeyer’s flasks filled with 10 mL of MEG enriched with 0, 
12.5, and 50 µg mL-1 of FLG. Cultures were kept in the dark at 20 °C for 1 (T1), 2 (T2) and 4 
(T3) months. Each culture condition for each time point (T1-3) was prepared in triplicate. 
Cultures were periodically refilled with pure or lignin-enriched MEG to compensate for 
water evaporation and nutrient depletion for the duration of the trial. 

2.4 Degradation experiment 

To assess the capability of test fungi to degrade FLG, 200 µL of homogenized fungal 
suspensions were inoculated into sterile 25 mL Erlenmayer’s flasks filled with 10 mL of pure 
MEG (control cultures; Ctrl) and in MEG enriched with FLG, colloidal lignin or both (FLG 
and/or lignin-enriched cultures: respectively, F, L, F+L) to a concentration of 25 µg mL-1; 
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colloidal lignin was prepared as per Kurek et al. (1990). In order to determine whether the 
presence of biological materials (i.e. cell-wall and cytoplasmic components released by the 
dead cells) and/or growth media compounds contribute to modifying FLG on their own, 
two additional sets of flasks containing FLG-enriched MEG were prepared: one was not 
inoculated (NI) and the other was inoculated (one flask per species) with dead mycelia (DM; 
devitalized in an autoclave). Control, FLG- and/or lignin-enriched cultures were prepared 
in triplicate and grown under the same conditions described in section 2.3.  

2.5 Assessment of FLG transformation/degradation by fungi 

120 µL of FLG-enriched MEG was sampled at T0 (i.e. prior to inoculation) and at T3 from 
treated, NI and DM cultures. Sampled aliquots were treated with three-step sequential 
washings (1: SDS 30 g L-1; 2: HCl 1 M; 3: 100% ethanol) following Yang et al. (2019) to free 
FLG from remaining mycelium. At each step, FLG was separated from the washing solution 
by vacuum-filtration over a 0.025 µm mesh MF-Millipore filter-membrane (diam. 2.5 cm, 
Merck, D). FLG was recovered by soaking the filter-membrane in 1 mL of Milli-Q H2O, and 
then sonicating the membrane for 5 mins. Prior to the experiments, the possible effect of this 
washing process on FLG was tested using Raman spectroscopy. No changes in the Raman 
spectrum of FLG were detected. Two aliquots of 30 and 7 µL were collected and drop-casted 
onto Polysine glass slides (Thermo-Scientific, U.S.A.; n = 3) and Pure Carbon grids (3 mm, 
200 mesh; n = 3), respectively. Glass slides and TEM grids were dried over silica gel for 48 h 
and then analysed as follows. Raman analysis was carried out with an inVia Raman 
Microscope (Renishaw, UK) focussing on between 6-30 FLG flakes at 532 nm with a 50× 
objective and an incident power of 1% (1 mW µm-2). TEM observations were made with a 
Philips EM208 electron microscope (Philips, N) operating at 100 kV and equipped with a 
Quemesa EMSIS camera (EMSIS, D). 

2.6 Peroxidase/laccase and LiP activity assessment  

2 mL of control (T0) and FLG enriched MEG were next filtered with a syringe filtered-tip 
(0.2 µm). The control sample was used to detect baseline activity of generic 
peroxidases/laccases and lignin peroxidases (LiP) in growth media using colourimetric 
methods, by providing the enzyme-specific primary substrate, i.e. 2,2-azinobis-(3-
ethylbenzothiazoline-6-sulfonate) (ABTS), veratryl alcohol (VA), and H2O2 as appropriate. 
The activity of generic peroxidase/laccase was detected following the enzyme-dependent 
production of ABTS cationic radical (ABTS•+)(Bach et al., 2013) by adding 168 µL of ABTS 
(84 mM) and 0.4 µL of H2O2 (210 mM) [Note: the addition of H2O2 was only necessary for B. 
adusta and P. chrysosporium cultures] to 832 µL of filtered MEG. Similarly, the presence of 
LiP was detected by measuring the production of veratraldehyde which is a by-product of 
LiP activity derived by VA oxidation (Tien and Kirk, 1988). For this assay, 5.6 µL of VA (1.5 



 

161 
 

M) and 0.4 µL of H2O2 (210 mM) were added to 996 µL of filtered MEG. The absorbance 
change due to the accumulation of ABTS•+ and veratraldehyde was followed over an 
incubation period of 45 mins, at 734 and 310 nm respectively with a Jenway 7315 UV/VIS 
spectrophotometer (Bibby Scientific, UK). When the enzymatic assays provided negative 
results, spectrophotometric measurements were repeated after 24 hr. The absorbance values 
of both enzymatic assays were referred to that of blank samples prepared without the 
addition of H2O2. 

2.7 pH and H2O2 content in growth media 

At the completion of the experiment, when all fungal cultures had reached the stationary 
growth phase, the remaining growth medium of control and FLG- and/or lignin-enriched 
cultures were divided into two aliquots of ~3 and 0.5 mL. The first aliquot was used to 
measure pH using a Crison Basic pH-meter (Crison, S). The second aliquot was filtered (as 
explained previously) with a syringe filtered-tip (0.2 µm) diluted 1:1 with pure chloroform, 
vortexed and centrifuged for 1 min at 350 × g to remove protein and enzymes which might 
cause H2O2 depletion over time. The supernatant was then recovered and H2O2 content was 
quantified colourimetrically using the Amplex Red® kit (Life Technologies, USA). 
Absorbance change was monitored at 560 nm with a microplate reader BioTek ELx808 
(Biotek instruments, USA). H2O2 concentration was evaluated using a calibration curve 
constructed over a 0.625 - 50 µM range. The quality of measurements was evaluated by the 
analysis of control samples with a known amount of H2O2. 

2.8 Growth dynamic 

The biomass increase of fungal cultures was gravimetrically monitored from T1-T3 during 
both the preliminary and degradation experiments (sections 2.3 and 2.4). Bulk mycelium 
was separated from the remaining medium using tweezers. Very small fragments or conidia 
were subsequently collected after centrifuging (2 min at 9,000 × g). The remaining 
supernatant was discarded, and biomass recovered by centrifugation was then pooled with 
the bulk mycelium in pre-weighed Eppendorf’s tubes, soaked in liquid N2 and freeze-dried 
for 72 hr. Biomass dry weights (n = 3) were measured by weighing the tubes and subtracting 
the tube’s tare weight. 

2.9 Data analysis 

Biomass measurements related to the preliminary and degradation experiments were used 
to test whether selected FLG concentrations (0, 12.5 and 50 µg mL-1 ) or growth media 
composition (Ctrl, F, L, F+L) affected fungal growth over time (T1-3). In particular, species-
specific biomass average values calculated for each growth condition were statistically 
compared with a two-way ANOVA, selecting “time points” and the “FLG concentrations” 
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or “time points” and “growth media composition” as categorical factors for the results of 
the preliminary and biodegradation experiments, respectively. Absorbance values related 
to the two enzymatic assays were expressed as µmol of ABTS or VA standardized per 
biomass unit. The significant difference in terms of H2O2 content in species-specific fungal 
cultures as a function of growth media composition (i.e. Ctrl, F, L, F+L) at T3 were assessed 
by non-paramatetric Kruskal-Wallis ANOVA. Before statistical analysis, Raman spectra 
were pre-processed in order to remove spikes and fluorescence signals due to the presence 
of residual fungal compounds in analysed samples. Spectra were corrected by subtracting 
baseline signal with polynomial functions and smoothed using the Savitzky-Golay 
Smoothing Filter algorithm (Lieber and Mahadevan-Jansen, 2003). Then, to verify whether 
fungi may have modified the FLG, the I(D)/I(G) values derived from Raman spectra of FLG-
enriched cultures at stationary phase (i.e. T3) were analysed with a two-way ANOVA. This 
statistical comparison was carried out selecting the absence/presence of the inoculum (i.e. 
“inoculum”) and the presence/absence of lignin or dead mycelia (i.e. “compounds”) as 
categorical factors. A further, deeper statistical analysis of whole Raman spectra was then 
carried out using multivariate techniques, such as Principal Component Analysis (PCA) and 
Cluster Analyses (CA) with the aim to identify further differences in the spectra of FLG 
flakes exposed to different fungal species in diverse growth media. Differences among the 
groups identified by multivariate analysis were verified by one-way ANOVA using the 
Raman bands as the response variable, which mainly contribute to explaining the variance 
of all collected Raman spectra (n=248). 

3. Results and discussion 

In vitro fungal culturing has frequently been used to study the way in which fungi 
decompose dead organic matter and litter (Ten Have and Teunissen, 2001), and persistent 
organic pollutants (Pinedo-Rivilla et al., 2009). This approach was used here to verify if 
wood-degrading white-rot basidiomycetes and one saprotrophic ascomycete are capable of 
biodegrading FLG. However, even under ideal and controlled conditions, the presence of a 
potentially toxic substance in the growth environment could negatively affect fungal 
physiology, altering growth or even causing the death of the organism. To date, only Yang 
and colleagues (Yang et al., 2019) have observed negative effects on morphological structure 
and mycelium development of P. chrysosporium when exposed to high concentrations of 
graphene oxide (GO ≥ 2 mg mL-1). As yet there are no reports in the literature about toxic 
effects of FLG on fungi, although it is known that FLG can cause negative effects principally 
because of the hardness and thinness of its flakes (Montagner et al., 2017). In this study, the 
effect of GRMs on the growth of selected fungi was preliminarily evaluated by incubating 
liquid fungal cultures with FLG concentrations from 0 to 50 µg mL-1 for one (T1), two (T2) 
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and four (T3) months. The results show that up to 50 µg mL-1 of FLG, fungal growth was 
not significantly affected (Fig. S1; Table S1), even if hyphae were in direct contact with FLG 
aggregates (see Fig. S2b, d). For these reasons, the experiment on fungal biodegradation 
capabilities was carried out using an FLG concentration (25 µg mL-1) intermediate to the 
aforementioned range.  

3.1 Fungal growth and micro-environmental changes supporting biodegradative processes  

Micro-environmental changes supporting biodegradative processes were monitored over 
T1-T3 by assessing the presence of oxidizing enzymes (laccase/peroxidase and lignin 
peroxidase) and H2O2 in growth media of different compositions, i.e. pure malt extract 
glucose medium (MEG; Ctrl) and MEG enriched with 25 µg mL-1 of FLG (F), lignin (L) or 
both (F + L).  

At T1, when fungal cultures developed a biomass ranging from 21 ± 6 mg (dry weight, 
M. esculenta) to 26 ± 2 mg (B. adusta) (Fig. 1a-c), ABTS+ production related to 
laccase/peroxidase activity, was 7.6 and 6.7 µM mg-1 (on fungal dry weight; dw) in B. adusta 
and P. chrysosporium growth media, respectively (Fig. 1d, e), whereas it was not detectable 
in M. esculenta (Fig. 1f), even after 24 hours of incubation (see materials and methods).  
As expected, the activity of lignin peroxidase (LiP), as a veratraldehyde content increase, 
was only detected in B. adusta (3.5 µM mg-1 dw) and P. chrysosporium (5.9 µM mg-1 dw) 
cultures (Fig. 1g-i), since M. esculenta does not produce LiP (Papinutti and Lechner, 2008). 
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Fig. 1. Fungal biomass (a-c) in Bjerkandera adusta, Phanerochaete chrysosporium and Morchella esculenta cultures 
grew in pure growth medium (C) or enriched with 25 µg mL-1 of lignin (L), FLG (F) or both (F+L) for one (T1), 
two (T2) and four (T3) months. Letters above bars in a-c indicate statistically significant differences (Two-way 
ANOVA, Tuckey’s HSD post-hoc test) among cultures of the same species (n=3). Oxidative enzymes 
(Laccase/peroxidase and lignin peroxidase) presence in the above-mentioned growth media after T1-T3, 
expressed as of ABTS+ (d-f) and veratraldehyde (Vald) (g-i) content [µM per mg of fungal dry weight (dw)]. 

From T1 to T2, B. adusta and P. chrysosporium increased their biomass by 4.2- and 3.7-fold 
respectively (Fig. 1a, b). A proportional increase in enzymatic activity in the growth media 
of both white-rot fungi was not observed, resulting in a decrease in both the ABTS+ and 
veratraldehyde content on dry fungal biomass (Fig. 1d, e, g, h). By comparison, M. esculenta 
biomass did not significantly increase with respect to T1 (Fig. 1c). However, the ABTS+ 
content in growth media became detectable after 24 hours of incubation, with a maximum 
content of 1.3 µM mg-1 dw (Fig. 1f).  

From T2 to T3, B. adusta and P. chrysosporium cultures stopped growing (with few 
exceptions) and a slight decrease in the extracellular enzymatic activity was observed (Fig. 
1g, h). On the contrary, the biomass in M. esculenta cultures increased from 1.8- to 3.4-fold, 
whereas the ABTS+ content was from 2.2-6.6 times higher, with respect to T2, for Ctrl and F 
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cultures, respectively. (Fig. 1c, f). Contrary to previous reports, lignin-enriched medium (L) 
did not stimulate white-rot fungal growth (Fig. 1a-c) or production of lignin-degrading 
enzymes (Fig. 1d-i) but interestingly, it appeared to decrease the laccase/peroxidase activity 
in M. esculenta growth medium (Fig. 1f) in comparison to lignin-free growth media (Ctrl and 
F cultures). This latter result is in good accordance with the hypothesis that laccases might 
use liberated phenolic lignin fragments as mediators in the oxidation of the remaining lignin 
(Ten Have and Teunissen, 2001), hence competing with ABTS.  

At T3, when all cultures reached the stationary phase, H2O2 content and pH in the growth 
media were measured. As observed for biomass and enzymatic activity measurements, 
H2O2 content differed among species, but not among growth conditions (Fig. 2a-c). The 
highest H2O2 content was detected in M. esculenta (122 ± 3 nM mg-1 dw) whereas the lowest 
in P. chrysosporium (26 ± 15 nM mg-1 dw) (Fig. 2b, c). The high H2O2 content in M. esculenta 
(~4 times higher with respect to basidiomycetes cultures) explains why the ABTS assay 
could be carried out without adding further amounts of this primary substrate. Importantly, 
growth media pH decreased from ~5.5 at T0 to ~3.0 at T3, confirming that all fungi were able 
to release oxidative enzymes and their primary oxidizing substrate (H2O2) and to decrease 
pH to values in the optimal range for the activity of the above-mentioned enzymes 
(Pollegioni et al., 2015). Hence, these measurements confirmed that all of the tested fungi 
created conditions needed to sustain an oxidative/degradative micro-environment, without 
being affected by the presence of FLG. 

 
Fig. 2. H2O2 content in pure growth medium (C) or enriched with 25 µg mL-1 of lignin (L), FLG (F) or both (F+L) 
of Bjerkandera adusta, Phanerochaete chrysosporium and Morchella esculenta cultures after four months (T3) of 
incubation. Values are expressed as means ± s.d. (n=3) per fungal biomass dry weight.  

3.2 FLG modifications induced by white-rot and saprotrophic fungi 

FLG characterization. Chemical and physical characterization revealed a high degree of 
purity in the FLG used in this study. Elemental analysis and weight decrease (recorded by 
TGA, ca. 3% at 600 ºC) confirmed a lack of contamination and functional groups 
respectively, demonstrating that FLG was comprised of > 95% C (Fig. S3). The Raman 
spectrum was characterized by one intense peak appearing at ~1580 cm-1, the G band, and 
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two additional less intense peaks at ~1345 and ~2700 cm-1, the D and 2D bands respectively 
(Fig. S3). The ratio between the intensity (I) of D and G bands is an indicator of the presence 
of defects on the graphene lattice. In this case I(D)/I(G) = 0.46 confirming a low level of 
defects that is usually attributed to the edges of the micrometre sheets (Torrisi et al., 2012). 
Furthermore, the I(2D)/I(G) = 0.43, is consistent with values (<1) reported in the literature 
for this material (Ferrari et al., 2006; Mogera et al., 2015). TEM observation revealed that the 
average lateral size of the FLG flakes was 509 ± 233 nm, but flakes lower than 100 nm were 
also detected (Fig. S3c-d).  

Because it lacks functional groups and defects on its lattice (Denis and Iribarne, 2013), 
FLG is the most similar to monolayer graphene in terms of chemical reactivity amongst all 
GRMs. For the above-mentioned reasons, FLG was deemed to be the best candidate to 
challenge the enzymatic abilities of wood degrading and/or saprotrophic fungi. For this 
purpose, Raman analysis was used to discern reduced from oxidized forms of GRMs 
(Kaniyoor and Ramaprabhu, 2012) even when poorly concentrated and/or slightly covered 
by biological matrices (i.e. fungal material or growth media compounds) which are known 
to increase the fluorescence signal (Lieber and Mahadevan-Jansen, 2003). TEM was used to 
evaluate possible structural modifications of FLG, such as holes and flake fragmentation.  
Growth media contain malt and yeast extracts, i.e. a mixture of carbohydrates, proteins and 
vitamins. During fungal growth, culture media progressively becomes enriched with dead 
mycelia which are capable of adsorbing metals (Hemambika et al., 2011) and decolorizing 
textile dyes (Fu and Viraraghavan, 2001; Lipczynska-Kochany, 2018); these could 
potentially also react with FLG. Hence, FLG was also exposed to both non-inoculated 
culture media (NI) and devitalized (DM) cultures in order to test if growth media 
compounds or dead mycelia altered the FLG lattice. Raman spectra of FLG flakes sampled 
from NI and DM cultures at T3 had an I(D)/I(G) and a 2D band intensity very close to that 
observed in untreated FLG (Fig. S4), although a slight change in the 2D band shape was 
observed (Fig. S4). The latter could be related to charge changes (doping) in the presence of 
the growth medium (Guarnieri et al., 2018). 

TEM observations from NI culture media revealed the formation of FLG aggregates 
(regularly shaped, not translucent flakes; see Fig. 3a vs. b and d-f) which is a common 
phenomenon generally occurring over a few days in aqueous media (Widenkvist et al., 2009; 
Yang et al., 2011). These results prove that the growth media (as well as the dead mycelia) 
did not cause any structural alteration to the FLG lattice for the duration (4 months) of the 
experiment. By comparison, numerous flakes recovered from FLG-enriched cultures (F and 
F+L) from all of the test fungi had a Raman spectrum characterized by a wider and more 
intense D band, a shifted G band (from 1582 to 1608 cm-1) and a less pronounced, or absent 
2D band (Fig. S4). Hence, FLG flakes were analyzed at T3 to compare the effects of fungi 
once they all reached a stationary growth phase (Fig. 1a-c). 
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Fig. 3. TEM micrographs of representative flakes of: FLG prior to incubation with the fungi (a) and after 4 
months of incubation in axenic growth medium (b); graphene oxide (Graphenea) (c); FLG after four months of 
incubation in devitalized (d-f) and living (g-i) cultures of Bjerkandera adusta (d, g), Phanerochaete chrysosporium 
(e, h) and Morchella esculenta (f, i). Bars: a, b, c, g = 100 nm; d, h = 200 nm; f, i = 400 nm; e = 500 nm. 

The ANOVA based comparison of the I(D)/I(G) values revealed that flakes exposed to F 
and F+L cultures had the highest values (Fig. 4), averaging from 0.670 ± 0.270 (M. esculenta) 
to 0.938 ± 0.084 (P. chrysosporium). According to studies specifically aimed at evaluating 
graphene oxidation by Raman analysis, such D band increase clearly indicates the presence 
of structural imperfections created by the attachment of hydroxyl and epoxide groups on 
the carbon basal plane (Allen et al., 2010; Yang et al., 2009). The respective TEM observations 
showed that FLG flakes exposed to fungal cultures looked markedly different from those of 
NI and DM cultures, with the appearance of wrinkles and folding of margins (compare Fig. 
3g-i with Fig. 3c). 

The ANOVA outcomes confirmed that the I(D)/I(G) increase depends on the interaction 
between “inoculum” and “compounds” (Table S2). So that, while FLG flakes from living P. 
chrysosporium cultures had significantly high I(D)/I(G) values independent of the presence 
of lignin (Fig. 4), those from B. adusta showed a significant increase of I(D)/I(G) only when 
the fungus was grown in lignin-enriched growth media (Fig. 4). FLG flakes from M. esculenta 
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cultures, by comparison, had I(D)/I(G) values not significantly different from NI and the 
respective DM cultures, although an average increase (+ 40%) was observed (Fig. 4). This 
outcome suggests that not all of the test fungi release enzymes and molecules that are 
capable of significantly oxidizing FLG to a GO-like material. 

 
Fig. 4. Results of ANOVA-based comparison among the I(D)/I(G) values measured for FLG flakes (n=248) 
recovered from non-inoculated cultures (NI) at T0 and from living (+/-) or devitalized (DM: dotted box plot) 
cultures of Bjerkandera adusta (B. adu), Phanerochaete chrysosporium (P. chr) and Morchella esculenta (M. esc) 
without (-) and with (+) lignin at T3. Boxplot middle horizontal lines represent average values, whiskers include 
non-outlier range. Boxplots marked with different letters have significantly different average values.  

In order to corroborate these results, whole Raman spectra were furtherly analyzed by 
Principal Component Analysis (PCA) coupled with a Cluster Analysis (CA). PCA revealed 
that 88.2% of the variance of all Raman spectra (n=248) was explained by the first (76.9%) 
and the second (11.3%) principal components (PC; Fig. 5A): PC1 was negatively correlated 
with the D band intensity (r = - 0.88) and the Raman scattering recorded at 1608 cm-1 (r = - 
0.97), the D’ band (Fig. 5A), whereas PC2 was positively correlated (r = 0.60) to the intensity 
of the 2D band. The increase of the intensity and amplitude of D and D’ bands are generally 
associated with graphene lattice oxidation (Kaniyoor and Ramaprabhu, 2012), a process that 
causes a shift of the G band from ~1589 cm-1 to 1608 cm-1 (Kudin et al., 2008). Additionally, 
oxidized GRMs have a wider and less pronounced 2D band which is usually described as a 
modulated bump in this region (Kaniyoor and Ramaprabhu, 2012). Therefore, spectra 
projected within the first and second quarters are related to "unaltered" or non-oxidized 
FLG flakes (n=105) whereas those within the third and fourth quarters are related to FLG 
flakes oxidized to a GO-like material (n=143) (Fig 5A). 
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Fig. 5. Principal Component Analysis (PCA) of the Raman spectra of FLG flakes (n=248) recovered from non-
inoculated cultures at T0 (NI; squares) and from living or devitalized (DM: triangles) cultures of Bjerkandera 
adusta (B. adu), Phanerochaete chrysosporium (P. chry) and Morchella esculenta (M. esc) without (-; symbols in light 
colours) and with (+; symbols in dark colours) lignin at T3 (circles) (A). Raman spectra in the PCA space were 
projected according to the first two principal components (PC). Dark blue vectors represent the contribution of 
main Raman wavenumber shift in explaining data variance. Black, purple, red and blue concentration ellipses 
define four main groups (a-d, respectively) identified with Cluster Analysis (CA). The insert in (A) on the top 
right shows the average spectra of the four groups. Circle diagrams of the percentage of Raman spectra 
classified by species (living cultures) and a-d groups (B). 

Interestingly, the CA assembled the projected spectra into four groups (“a-d”; Fig. 5A), 
segregating unaltered flakes (group a) from oxidized flakes (groups b-d). Further, the 
average spectra of groups “b-d” revealed the presence of an oxidation gradient from “b” to 
“d”, recognizable by a progressive significant increase of I(D)/I(G) and D’ band intensity 
(Fig. S5a, b) and a decrease of the 2D band intensity (Fig. S5c). However, the groups partially 
overlap because they include flakes with a similar degree of oxidation. 

In summary, (i) the ANOVA outcome (Table S2) indicating that only B. adusta and P. 
chrysosporium are able to induce a significant increase of I(D)/I(G) is not entirely reliable and 
(ii) FLG oxidation can be initiated by all of the fungal species independent of the enzymes 
they secrete (see previous section; Fig. 1). Indeed (although with different frequencies) 



 

170 
 

highly oxidized FLG flakes (i.e. those classified in groups “c” and “d”) were found in 
cultures of all three fungi (Fig. 5B): from 43% in P. chrysosporium to 18% in M. esculenta. The 
high percentage of unaltered FLG flakes from M. esculenta cultures (45%; Fig. 5B) may be 
explained by the relatively slow rate of growth in this species, which only reached the 
exponential growth phase and released a relevant quantity of oxidizing enzymes and H2O2 
in the last two months of incubation at the tested conditions (Fig. 1, 2). Despite the slow 
growth (and lack of lignin peroxidase), M. esculenta was actually able to oxidize FLG. This 
result shows that laccase and peroxidase (Baldrian and Šnajdr, 2006) can promote the 
oxidation of chemically inert GRMs such as FLG.  

3.3 Environmental relevance and further studies.  

In this study, it was shown that selected fungi can oxidize FLG to a GO-like material. 
Considering that the enzymes utilized in this study are produced by numerous primary 
decomposers, and that oxidative processes form the basis of organic matter biodegradation 
(Baldrian and Šnajdr, 2006; Sinsabaugh, 2010), it can be hypothesized that FLG involuntarily 
released into terrestrial ecosystems might slowly be degraded by soil microflora over 
extended periods, as observed for other highly recalcitrant compounds such as PAHs 
(Ostrem Loss and Yu, 2018) and organo-halogenated pollutants (Čvančarová et al., 2012; 
Mori et al., 2017; Vyas et al., 1994). Hence, it is possible that an incubation period longer 
than the four months tested here might have led to an advanced oxidation degree of FLG, 
characterized by holes onto the graphene lattice followed by flake fragmentation, as 
observed in in-vitro FLG degradation experiments with human myeloperoxidases (Kurapati 
et al., 2018). Nevertheless, it must be taken into account that, to date, nothing is known about 
the possible interaction with soil components of the GO-like material derived by fungal 
oxidation, as instead observed for other GRMs with natural organic matter in water 
environments (Dimiev et al., 2013; Jiang et al., 2017). Our data clearly indicate that fungal 
enzymes can efficiently oxidize one of the most stable GRMs, the FLG, thus weakening the 
hypothesis that such materials might persist in the environment for long periods. Hence, 
future research should address whether the fungal-derived GO-like material could be 
furtherly degraded until its complete conversion to CO2 by the soil microflora.  
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