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Abstract. Surface analytical methods are applied to ex-1 Introduction
amine the environmental status of seawaters. The present
overview emphasizes advantages of combining surface andifferent human activities introducing substances and en-
Iytical methods, applied to a hazardous situation in the Adri-ergy in marine environment can have serious environmental
atic Sea, such as monitoring of the rst aggregation phaseghreats with wide ranging impacts and possibly long lastiag
of dissolved organic matter in order to potentially predict the consequences. The impact of human activities (land-based
massive mucilage formation and testing of oil spill cleanup.and marine) on coastal and marine ecosystems, and how to
Such an approach, based on fast and direct characterizationanage them, demonstrates the need for a monitoring study
of organic matter and its high-resolution visualization, sets aof the environmental status of seawaters, which is the main
continuous-scale description of organic matter from micro-goal of the Marine Directive. Here, we address the major
to nanometre scales. Electrochemical method of chronoamechallenges faced by the Adriatic Sea: risks and threats of
perometry at the dropping mercury electrode meets the reeil pollution and mucilage formation, where eutrophication
quirements for monitoring purposes due to the simple andmost probably contributes to the frequency of mucilage ap-
fast analysis of a large number of natural seawater sampearance (Fonda-Umani et al., 1989). The Adriatic Sea is a
ples enabling simultaneous differentiation of organic con-semi-closed, narrow basin with a northern shallow zone and
stituents. In contrast, atomic force microscopy allows directis thus very sensitive to environmental changes. According to
visualization of biotic and abiotic particles and provides anthe Croatian Hydrocarbon Agency (www.azu.hr), up to now
insight into structural organization of marine organic matter over 1500 exploration and production wells have been drilled
at micro- and nanometre scales. In the future, merging datén the Adriatic Sea, with the intention to set up many new
at different spatial scales, taking into account experimentaones. On the national level, there is rising concern from bath
input on micrometre scale, observations on metre scale angublic and environmental agencies about the oil exploitation
modelling on kilometre scale, will be important for devel- elds in the Adriatic Sea. Additional risk for oil spill acci-
oping sophisticated technological platforms for knowledgedents arises from tankers transporting petroleum directed to-
transfer, reports and maps applicable for the marine environwards transit ports mainly situated in the northernmost part
mental protection and management of the coastal area, espef the Adriatic Sea. However, mucilage or macroscopic gel
cially for tourism, shery and cruiser traf cking. phase formation manifests itself in episodic appearance of
enormous amounts of gelatinous matter in the water column
and oating on the sea surface (Fig. 1, Stachowitsch et al.,
1990; Svetlcic et al., 2005; Giani et al., 2005a). The western
part of the Adriatic Sea is eutrophic (due to run-off from the
Po River), causing hyper-production of microalgae, mainly
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Figure 1. Macroaggregation phenomena in the northern Adriéipgiant gel aggregate at 10 m depth as captured by a scuba diver in August
1997 (courtesy of Gerald M ler-Niklas) an@) map of the study area (inset) and sampling stations in the northern Adriatic.

polysaccharides, that accumulate in the euphotic layer. Unzation of DOM in terms of its composition and molecu-
der certain environmental conditions, a mucilage event ocdar structure has advanced substantially in the last decade,
curs. The phenomenon has been observed infrequently ovenainly due to the development of advanced instrumental an-
the past 3 centuries, but the frequency has increased duringlytical methods and the corresponding procedures: for ex-
the last 2 decades. This can have harmful consequences fample, Fourier transform ion cyclotron, mass spectrometry,
the marine systems and cause substantial damage to the ecdramo- and hetero-correlated multidimensional nuclear mag-
omy of the region (e.g. sheries, tourism). Even though evi- netic resonance spectroscopy, excitation emission matrix u-
dence accumulated from satellite observations to micro-scalerimetry with parallel factor analysis for UV uorescence
studies and a large number of hypotheses on the mechanisepectroscopy, and advances made in sample preparation (i.e.
10 of the event have emerged over the last decadese( a@ti  desalting/extraction techniques; Nebbioso and Piccolo, 2043;
al., 2004), what triggers such a large-scale phase transfoRoth et al., 2015; Kujawinski et al., 2016; Mopper et al.,
mation of organic matter is still a subject of debate (Giani et2007). In addition, development of particle counters (elec-
al., 2005a). tronic, electrochemical), histological staining and sophisti-
Organic matter in the water column has a highly reac-cated microscopical methods in the last decades helped es-
s tive nature; it continuously undergoes biotic and abiotic tablish new particle classes, predominantly non-living, whigh
transformations and consequently exhibits high variation inhad remained undetected due to their small size, transparency
time and space, with a tendency to accumulate at the inand susceptibility to degradation ( wiand Svetkie, 2000).
terfaces. Biogeochemical transformation of organic matterThese particle classes have shown large abundance and re-
is a rather complex process, in which chemical composi-activity, consequently having a crucial role in aquatic en-
» tion of the seawater plays an important role. The fate ofvironments, particularly in the cycling of nutrients, aggre-
marine organic matter depends not only on the inorganiagation of organic matter and the food web (Koike et al.,
constituents but also on biota, in uencing its physicochem-1990; Wells and Goldberg 1994; Long and Azam, 1996).
ical properties, distribution, stability and bioavailability of The abundance of non-living particles greatly exceeds the
metal organic complexes. Organic matter in the marine en-abundance of living microorganisms, algae and bacteria, and
s vironment is classi ed as dissolved (DOM), consisting of viruses. Major classes of non-living organic particles in eu-
truly dissolved and colloidal fractions, and particulate basedphotic layer are (i) colloidal particles (5 200 nm) collected
on the traditional oceanographic routines. DOM can be pro-by ultracentrifugation and observed under transmission elec-
duced by phytoplankton, macrophytes and marine plantgron microscopy (Wells and Goldberg, 1991, 1993; Kepkay,
through primary production (Carlson, 2002), and 10% of 1994; Leppard et al., 1997); (ii) submicrometre particles
» it can self-assemble to form nano-, micro- or even macro-(0.4 1 m) detected by Coulter particle counters (Koike et
gels (Verdugo et al., 2004; Verdugo, 2012). Because of theal., 1990; Longhurst et al., 1992); (iii) surface-active particles
great complexity and heterogeneous composition of maringSAP; 1 500 m) detected electrochemically (uti et al.,
organic matter, its characterization remains a challenge. 11984; utie and Legow, 1987; Marty et al., 1988; Svetie
the following, organic matter characterization is summarizedet al., 2005, 2006; utt et al., 2004); (iv) transparent ex-
s briey based on the measurement techniques. Characteriopolymeric particles (3 100 m) detected by Alcian blue
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staining or spectrophotometrically (Alldredge et al., 1993; of AFM introduced the possibility to directly explore these
Schuster and Herndl, 1995; Passow, 2002; Ratal., 2005;  processes at a scale that determines the fate of organic matter
Villacorte et al., 2015a); and (v) protein-containing particles and its interactions at the interfaces.
(2 500 m) visualized by Coomassie blue staining (Long and
Azam, 1996). 2 Surface analytical methods for characterization of
While relatively broad scienti c literature is available on marine organic matter
the application of different techniques for characterization
of marine organic matter, most of the methods include rel-2.1 Electrochemical method
atively expensive equipment and/or complex sample prepa-
ration procedures that effect the state of the fragile fractionsThe electrochemical method used here is chronoamperom-
of organic matter. It is now generally agreed that organicetry of dissolved oxygen at a charged DME (Barradas and
matter of a given chemical composition can occur in a largeKimmerle, 1966; Zvonas et al., 1973). Chronoamperom-
range of forms under the in uence of dynamic aquatic con- etry at a mercury electrode is an important and convenignt
ditions: monomer molecules, polymer chains, globules, vesitool for the in situ single particle analysis in an aqueous elec-
cles and complex networks such as gels (edind Svetliie, trolyte solution. Mercury, as a liquid substrate, has several
2000). All of these will undoubtedly affect organic matter's very unique advantages: it is atomically smooth, uid and
persistence, stability, aggregation behaviour and bioavailabilchemically inert with a large set of interfacial data in var-
ity. Little is known about the distribution of environmental ious aqueous electrolyte solutions, necessary for the analy-
particles due not only to the dif culties in sampling, sam- sis of the amperometric signal of an organic particle. Fluid-
ple handling, insuf cient sensitivity and selectivity of analyt- ity of mercury perfectly mimics interactions with other uid
ical methods but also to the heterogeneity of natural samplesterfaces in contact (e.g. biological membranes, vesicles,
(Buf e and van Leeuwen, 1992). For example, the seawaterbubbles). Electrochemical measurement is performed by im-
sample needs to be unperturbed in order to preserve the hetrersing the DME directly into the electrochemical vessel
erogeneous distribution and primary structure of organic parcontaining a fresh seawater aliquot of 15mL. The mercury
ticles. High heterogeneity makes both the analysis and datalectrode has a surface area of only 4.7%with drop life-
interpretation challenging. Therefore, both development oftime of 2s. Every 2, a new and reproducible mercury sur-
methodological approaches and additional scienti ¢ under-face is formed at the end of the glass capillary and the anal-
standing for assessing the environmental status of seawatgsis can be repeated many times. This is an important aspect
are required. The aim of this overview is to emphasize ad-of the method, since the arrival of particles to the interface is
vantages of a combined methodological approach applied ta stochastic process and the representative behaviour can be
investigating hazardous situations in the Adriatic Sea, such adetermined only by analysing a larger set of data collected
monitoring the rst aggregation phases of dissolved organicunder identical experimental conditions (Kowet al., 2000).
matter in order to potentially predict the massive mucilageThe electrochemical method is based on the sensing ofsthe
formation and testing of oil spill cleanup. Surface analytical interfacial properties, hydrophobicity and supramolecular or-
methods, namely chronoamperometry at the dropping merganization of particles rather than on the chemical compo-
cury electrode (DME) and atomic force microscopy (AFM), sition (uti ¢ et al., 2004). The main advantage of the elec-
applied to monitor organic matter dynamics and oil pollution trochemical approach is simultaneous and direct detection
in the marine environment are based on fast, direct characef different organic constituents in seawater based on their
terization and visualization from micro- to nanometre scale.different electrochemical responses (Fig. 2) while inorganic
We underline the importance that sample pretreatment is ngparticles remain undetected (Ilvo evand utie, 1997; Baldi
required in order to capture the physical structure and orgaet al., 1999; Kova et al., 1999; Svettic et al., 2006; Ivo e\é
nization of organic matter as closely as it exists in the naturaDeNardis et al., 2007a). Organic constituents of seawater can
system. Often, sample pretreatments such as Itration, cenbe classi ed according to their electrochemical responses at
trifugation, staining and/or xation introduce artefacts. The the DME based on the molecular adsorption, adhesion and
electrochemical approach is quickly compared to other methspreading, and particle collision (utiet al., 1990, 1993;
ods, with sample characterization taking only a couple ofTsekov et al., 1999; Svetlic et al., 2006). On the chronoam-
minutes, making it suitable for analysis of a large number ofperometric curve, adsorption of dissolved organic matter and
natural seawater samples and thus applicable for monitoringubmicron particles is manifested cumulatively as a gradual
purposes. In contrast, AFM can be applied to reveal struc-decrease of reduction current which is proportional to surfac-
tural organization of organic matter on the molecular leveltant concentration in the sample, known as surfactant activity
and to obtain three-dimensional (3-D) images of ne, frag- (Zvonark et al., 1973; ute et al., 1977, 1999). Surfactant
ile and soft structures. These data can be correlated to thactivity of seawater is expressed as the equivalent amount
electrochemical ones in order to shed more light on the bi-of the nonionic synthetic surfactant Triton-X-100 (polyethy-
otic and abiotic transformations of organic matter at micro-lene glycol tert-octylphenyl ether, M\® 600) in milligrams

60

ss and nanoscales (Ciglecld and Svetlgie, 2015). The advent per litre. The polarographic maximum of Hg(ll) ions offers
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an alternative approach to measuring dissolved organic car-

bon of seawater (Hunter and Liss, 1981). However, adhe-

sion of uid SAP with hydrophobic properties is detected

on the single particle level through spike-shaped signal ( u- ‘ ]
tic et al. 1993; Svettic et al., 2001; Ivo evd DeNardis et '
al., 2007b). Collision of gel microparticle with the exi-
ble three-dimensional network, thus possessing a hydrophilic
character, is detected also on the single particle level through
speci c dip-shaped signal (Svetle et al., 2006; Ivo ew@
DeNardis et al., 2007a). The dropping mercury electrode
as an in situ sensor enables characterization of uid SAP
in the aqueous environment (wtiet al., 1984, 2004; u-

tie and Legow, 1987) in terms of concentration, size, reac-
tivity and hydrophobicity (utic et al., 1993; Kova et al.,
2000; Ivo evie DeNardis et al., 2007b). Figure 3 shows the
attractive interaction between an oil droplet and the charged A—
electrode seawater interface. Oil droplets, as a subclass of ) time/s
surface-active particles, adhere and spread at the charged in- gel particles

biopolymers

current/pA
cowo\

adsorption

T time/s
surface-active particles
current/pA

adhesion

spreading

terface, causing double layer charge displacement and estab- current/uA
lishment of the ow of the compensating current known as lisi
adhesion signals. Signal amplitude re ects the particle size, COMISION

p p N

signal shape re ects the physicochemical properties of the
particle and signal frequency indicates particle concentra-
tion in the seawater sample. Signal frequency is translated
into particle concentration using the corresponding calibra-
tion curve withDunaliella tertiolectacells as standard par-  igyre 2. llustration of different classes of organic constituents in
ticles (Kova et al., 2000). Chronoamperometric measure-seawater and their electrochemical signals at the electrode: biopoly-
ments meet the requirements for monitoring based on thener and small colloids, surface-active particles and gel particles
following advantages: (i) simple and fast analysis (100 s pefadapted from Svetlic et al., 2006).
sample) of soft micrometre particles in the size and concen-
tration ranges of 1500 m and 10108 particlesL 1, re-
spectively, and (ii) neither sample pretreatment nor sample
xation. Measurements on land were done within 24 h after surface of a sample, sensing the interaction forces between
sampling in the laboratory. Previous mesocosm experimentghe tip and sample (Fig. 4). The sample is mounted os a
in seawaters show a major difference in the transformatiorpiezoelectric scanner, which allows three-dimensional posi-
of the surface-active matter not on the timescale of hours butioning with subnanometre accuracy. Interaction between the
rather on the seasonal level ( @atet al., 2004). tip and the surface of the sample leads to cantilever bending,
In order to access more quantitative information from thewhich is measured by laser light re ected from the cantilever
amperometric signal of an organic particle, the measurementb a position sensitive photodetector. As changes in cantilever
has to be performed in a previously deaerated solution unee ection result in variation of the distance between the tip
der nitrogen purging for a few minutes so as to remove redoxand sample, a constant distance is re-established with a feed-
reaction of dissolved oxygen. In this way, it is possible to back loop between the sample tip positioning system and
retrieve information about: organic particle diameter, parti- a computer-controlled piezoelectric scanner. Registered val-
cle surface area at the interface, number of molecules in theies of cantilever de ection are electronically converted into
monolayer, surface charge of the particle, critical interfaciala pseudo 3-D image of the sample. As a result, AFM gives
tensions of adhesion and kinetic parameters of the adhesioreal 3-D images of the sample with a vertical resolution of
process through analysis of the amperometric signal using 8.1 nm and lateral resolution of 1 nm. The main advantages of
reaction kinetics model and the corresponding methodologyAFM over conventional light or electron microscopy in stud-

time/s

(Ilvo evie DeNardis et al., 2012, 2015). ies of marine organic matter include (i) 3-D high-resolutien
imaging of different seawater constituents (biotic and abi-
2.2 Atomic force microscopy otic) connecting micrometric and nanometric dimensions;

(i) samples being non-destructively imaged in the air and
AFM is based on a relatively simple principle: it involves under near-natural agqueous conditions; (iii) hanomechani-
raster scanning of a sharp and hard tip (probe) located at theal mapping (i.e. Young’s modulus, deformation, hydrophe-
free end of a exible cantilever. The tip is scanned over the bicity, adhesion); and (iv) determination of intra- and inter-

Nat. Hazards Earth Syst. Sci., 17, 1 14, 2017 www.nat-hazards-earth-syst-sci.net/17/1/2017/
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Figure 3. Basic principle of electrochemical adhesion-based detection: interaction of oil droplet with the charged electrode interface.
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Figure 4. Basic principle of atomic force microscopy.

primarily of lipid, polysaccharide and proteinaceous com-
ponents deriving mostly from excreted cells and/or from
their decomposed products ( @tiand Svetltie, 2000). They
have an af nity to accumulate at the interfaces, and they can
be measured directly electrochemically on the single particle
level based on their interfacial properties, structural organiza-
tion and hydrophobic hydrophilic character. We introduced
a direct electrochemical method to probe the state of marine
organic matter without perturbing its original heterogeneous
distribution. Figure 5 shows distribution of SAP (hydropho-
bic), gel microparticles (GeP) (hydrophilic) and surfactant
activity measured over a period of 10 years at sampling sta-
tion SJ 105. This particular sampling station was selected be-
cause it is distant from the coastline and thus the in uence of
direct input of inland freshwater is minimized (Fig. 1b). SAP
concentrations ranged from 510° to 6 1CPL, ! show-

molecular forces in heterogeneous molecular assemblies (i.¢ag spatiotemporal variability with special patterns, whigh

Pletikapk et al., 2014).

3 Monitoring of organic matter dynamics in seawater

3.1 Electrochemical characterization of organic
5 constituents in seawater

depends on the sampling depth in the water column and/or
season. For example, signicantly (about 2 times) higher
SAP concentrations occurred in the region under the direct
in uence of nutrient-rich freshwater inputs of the Po River
(SJ 101, 103, 108). In the rst 3-year period (2002, 2003,
2004), a mucilage event appeared. In the period just before
the mucilage event, SAP concentration rose to10’ L 1

After a dramatic mucilage event in the northern Adriatic in in the subsurface layer (0 10m, SJ 101, 103, 108), indicat-
the summer of 1997, which had negative impact on theing the forthcoming event (Svetle et al., 2005). In con-
shery and tourism, the monitoring programme Systematic trast, low concentration of SAP in the subsurface layer.at
Study of the Adriatic Sea as a Base for Sustainable DevelStation SJ105 in 2007 is in line with the absence of mucilage
1 opment of the Republic of Croatia was launched in 1998. events. Hence, SAP was identi ed and considered as a reac-
Monitoring of organic matter dynamics was carried out to tive mucilage precursor in seawater. Concentrations of GeP
examine the environmental status in the northern Adriaticwere usually around 20 ! in the years without mucilage
and to predict mucilage event. We focus on naturally oc-€vents (0.2 10°L 1 is the lower electrochemical detection
curring, non-living and micrometre-sized surface-active par-limit). An elevated concentration of GeP, by about 1 order of
= ticles. This fraction mainly involves soft, hydrophobic, hy- magnitude (15 10°L 1), was determined in all sampling
drophilic and reactive particles susceptible to degradationstations at the time of mucilage events (2002 2004). Surfac-
Surface-active particles are described as vesicle or micelletant activity re ecting the concentration of submicron and
like structures formed by self-assembly of organic matter,dissolved organic fractions varied from 0.5 to 2mgd'lin =

www.nat-hazards-earth-syst-sci.net/17/1/2017/
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Figure 5. Annual variation of concentrations of surface-active particles (SAP), gel microparticles (GeP) and surfactant activity determined
by electrochemical analysis of natural seawater samples taken at sampling station SJ 105 in the northern Adriatic.

the years without mucilage events and decreased with th8.2 AFM imaging of marine organic matter at the
depth pro le. Elevated surfactant activity up to 3.4 mglL nanometric scale
was determined during the mucilage event. In addition, a net

increase of surfactant activity in the whole water column was _ o . . )
s observed at the end of years without mucilage events as &FM @s a high-resolution imaging technique that requires

consequence of prolonged accumulation of organic mattePN!Y €Sy sample preparation has a huge potential in investi-
in the water column (unpublished results). It was thereforedating marine organlq matter, partlculgrly In eIu0|_dat|ng thg
concluded that the likelihood of mucilage formation dependsstructure, transformations and dynamics of organic matter in

mainly on new primary production, speci ¢ structural orga- the marine environment. Of all forms of organic matter, ma-

.o nization of the newly produced organic matter and, above all'ine brils and brillar networks were the most studied form.
For example, Santschi et al. (1998) were the rst to image

hydrographic and meteorological conditions in the seawater, = © ' , X :
individual brillar polysaccharides in marine macromolec-

Nat. Hazards Earth Syst. Sci., 17, 1 14, 2017 www.nat-hazards-earth-syst-sci.net/17/1/2017/
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Figure 6. AFM topographic images of marine gel representing networks (@itla low degree of bril cross-linking an¢b) a high degree

of cross-linking with the corresponding cross sections along the indicated lines. Marine gel samples were collected in the northern Adriatic

(SJ 105) in 23 June 2003, at a depth of 10 13 m (MiRadk et al., 2011).

ular organic matter. From there on, AFM has been appliedSuch an approach could offer an alternative way to visualize
to study both (i) the networks secreted by marine bacteridragile organic structures. Although an agueous environment
and algae (Nishino et al., 2004; Svetti et al., 2005, 2013; would be preferable, direct AFM imaging of marine poly-
Malfatti and Azam, 2009; Malfatti et al., 2010; Urbani et mers, soft vesicular structures and organic droplets is often
al., 2012; Bosak et al., 2012; Villacorte et al., 2015b) andhampered by their weak interaction with the interface. While
(i) marine brils (Mii € Radt et al., 2011; Svettic et al.,  interpreting the data, one should consider possible surface
2011) forming giant gel macroaggregates (Vollenweider andand/or dehydration artefacts. Representative images of ma-
Rinaldi, 1999; Giani et al., 2005a, b), including their self- rine bril forming networks with different levels of biopoly-
assembly and molecular structure at different levels of asmer entanglements and with different pore sizes are shawn
sociation (Mi ic Radk et al., 2011; Pletikapiet al., 2014). in Fig. 6. It is interesting to note that the appearance of ma-
Application of AFM imaging for monitoring by itself is of- rine gel networks at the nanometric scale, as shown in the
ten not suitable. This is due to the large number of sam-corresponding gure, coincided with the occurrence of gel
ples required in the monitoring studies, making AFM anal- microparticles detected electrochemically at the same sam-
ysis, if used alone, a time-consuming process. It is thereforgle, as shown in Fig. 5. Image analysis revealed that biopaly-
recommended to analyse seawater samples rst with rapidner heights were in the 0.5 2.5 nm range, while pore sizes
and bulk techniques (i.e. chronoamperometry) in order to ranged from 40nm to more than 1 m along the longest
identify samples of interest. For AFM imaging, the drop de- axis. Svetlcic et al. (2011) found that these parameters (pore
position method modi ed for marine samples and imaging size, bril height) can be related to the aging of gel aggre-
in air was found to be most adequate for visualization ofgates in the water column; i.e. older aggregates contained
macromolecular organic matter organization (Pletikagi ~ smaller pores and thicker brils, while young aggregates
al., 2011; Miie Radk et al., 2011, for more detail). Typ- had a looser structure with smaller brils and bigger pore
ically, AFM measurements of marine organic samples aresizes. One of the most comprehensive chemical characteriza-
performed at room temperature and 50 60 % of relative hu-tion studies of northern Adriatic gel macroaggregates showed
midity, which leaves samples with a small hydration layer ad-that carbohydrates are the main organic fraction and thatthe
hering to the substrate, helping to maintain the native strucaverage ratio of polysaccharides to total organic carbon is
ture (Balnois and Wilkinson, 2002). It was found that direct 41.5 % (Giani et al., 2005b). Exopolysaccharides released by
deposition of a drop of seawater (5 L) on freshly cleaved the diatomCylindrotheca closteriuminder the conditions of
mica, followed by the rinsing of sea salts and evaporation ofincreased production comprised a simpler system, which had
water excess, was the procedure that caused the least impabie same chemical composition of polysaccharides as masine
on the original structures of biopolymers and other assemgels, indicating that the diatom exopolymeric substance was
blies in seawater (Mi¢ Radi, 2011; Svetkic et al., 2013).  the most likely origin of marine gels (Urbani et al., 2005). In

www.nat-hazards-earth-syst-sci.net/17/1/2017/ Nat. Hazards Earth Syst. Sci., 17, 1 14, 2017
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addition, a striking similarity was found in both marine gels vesicles has already been inferred by aitit al. (1984) and
and reconstituted polysaccharide networks (obtained fromater by Nagata and Kirchman (1997). Recently, it was re-
the same diatom) in terms of their mechanical propertiesported that membrane vesicles of 100 nm in diameter can be
as well as morphological features (Pletikagit al., 2014). released by marine cyanobacteria and are frequently found
Marine gels were characterized in the non-imaging mode ofn marine ecosystems in the concentration range tt0 «
AFM, the so-called shing , where single polymers and/or 10° vesicles mL ! (Soler et al., 2015). Such vesicles may en-
their more complex associations are picked up from the sur-trap nutrients, toxins and a variety of other organic molecular
face (shed) by the AFM probe and extended and/or un-species present in seawater. These components may be con-
folded/unzipped by increasing the distance of the AFM tip centrated and preserved from degradation in the inner cavity
from the surface. This approach enabled relating mechanicabf the vesicle and/or attached to the membrane of the vesi-
properties to different biopolymer morphologies (from sin- cle. This ability of vesicles to transport and deliver diverse
gle bril, helical structures to more complex junction zones compounds in discrete packages adds another layer of com-
in networks with a higher degree of cross-linking), revealing plexity to the ow of information, energy and biomolecules
new information about network architecture and connectiv-in marine microbial communities (Biller et al., 2014). Such
ity. As native marine gels are constantly exposed to mechanivesicles (Fig. 7) were also periodically encountered during
cal perturbations caused by local hydrodynamics (turbulencehe diatom bloom experiment and during the northern Adri-
and shear) as well as large-scale physical processes (stroragic eld studies by AFM (utic et al., 2004; Svettic et al.,
winds and currents), the application of hundreds of piconew-2008). It is likely that the abundance of such structures is
tons of force is highly biologically relevant. Networks were highly underestimated. Due to the small size and relatively
characterized as physical gels in line with DCS measuresoft and fragile character of these structures, during ARM
ments (Miic et al., 2011), where the level of association imaging with relatively higher forces, particularly when con-
can be controlled by dilution, adjusting the ionic strength tact mode is used, vesicles are swept away by the AFM tip
and stirring (Pletikap et al., 2014). Marine gels are de ned and remain undetermined. Proper care while setting imag-
as three-dimensional networks of solvated biopolymers eming parameters, scanning at low force (i.e. peak force tap-
bedded in seawater. Their importance in marine ecosystemging mode) and coupling AFM with other bulk methods sueh
has been widely recognized among scientists from differ-as electrochemistry to identify the sample of interest with
ent elds due to their role in the microbial loop and sedi- higher concentrations of vesicles may resolve the issue. Such
mentation processes, biogeochemical carbon cycling, marinan approach was used to study vesicle-like particles in the
carbohydrate chemistry and particle dynamics in the ocearBay of Kotor (lvo evic DeNardis et al., 2013, 2014). The
(uti e and Svetkie, 2000; Azam and Long, 2000; Passow, most important ndings show that both surface analytical
2002; Verdugo et al., 2004; Verdugo, 2012). These gels arenethods, electrochemical and AFM, provide comparable re-
also bioreactive since they compartmentalize nutrients andults on different scales.
can thus enhance microbial activity (Kepkay, 1994; Azam, However, despite this, AFM is not yet exploited up to
1998, Del Negro et al., 2005). Due to their dense 3-D net-its full potential. Signi cant advances in the eld are ex-
work structure and sticky nature, marine gels show a poten-pected by integrating AFM into versatile hybrid devices that
tial to scavenge nanopatrticles that accumulate in the junctiomvould combine two or three complementary techniques in
zones of the network (Svetie et al., 2011; Pletikapiet al.,  one instrument, allowing a more detailed and comprehen-
2012hb). In this way, marine gels might stabilize nanoparticlessive analysis of marine samples. While simultaneous AFM
and prevent aggregation and export from the water columnimaging and mechanical mapping (stiffness, friction, dissi-
Recent review highlights the potential of AFM in revealing pation and/or adhesion) is already showing its potential-by
new information about the interaction of inorganic nanopar-increasing the number of studies conducted on biological
ticles with living and non-living organic matter (Ciglecie samples (DufrEne et al., 2013, and references therein), in-
and Svetlcie, 2015; Wang et al., 2016). cluding marine samples (Francius et al., 2008; Pletikapi

In addition, gel network formation was visualized at al., 2012a), of particular interest for investigation of marine
station SJ 107 in August 2010, when concentrationsorganic matter is coupling AFM with different optical, spee-
of micrometre-sized GeP and SAP were low (0.2 andtroscopic and/or interfacial techniques (Moreno and Toca-
2.3 10°L 1, respectively). Signicantly higher concen- Herrera, 2009). In line with the topic covered in this pa-
tration of submicron organic content (surfactant activity, per, integration of mercury as a substrate in the AFM set-
2.88mgL 1) was detected 2 months prior to the mucilage up is drawing particular attention (Schon et al., 2013). An
event at the depth of 20m, in 2010, which could act as a poolAFM cantilever has been developed using a mercury fown-
for biopolymer self-organization into marine vesicles that un-tain pen probe allowing simultaneous probing of mechani-
der speci ¢ conditions transform to giant gel (Sveitti et  cal and electrical properties, for instance in biological mem-
al., 2005). For identi cation of vesicle-like structures, AFM brane research. In addition, a hybrid AFM-optical (uores-
can be a very suitable tool due to the high-resolution imag-cence) microscope (Kassies et al., 2005; Geisse et al., 2009)
ing and easy sample preparation. The existence of marinevould be extremely useful for deepening the research on.dif-
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Figure 7. Large marine vesicle of 1.5 m diameter imaged by AFM with the corresponding cross section along the indicated line. Samples

were collected in the northern Adriatic (SJ 101) in 18 May 2010, at a depth of O m.

Figure 8. Sampling station of Rt Murva { in the Bay of Kotor

4 Monitoring of oil pollution in seawater

Surface analytical methods can also be applied for testing of
the environmental status of seawater after oil spill cleanup.
We detected, characterized and visualized the presence of
dispersed oil droplets in the seawater due to the accidental
sinking of a ship and oil spill in the Bay of Kotor (south Adri-
atic sea, Montenegro). The ship sank on 11 October 2013 at
Rt Murva (15m depth) in the Bay of Kotor (Fig. 8; Ivo e-
viec DeNardis et al., 2014). The ship had an overall length
of 32.7m and weighed 325tons, carrying oil and diesel oll
(type D2). One month after the mechanical removal of oil
spill, dispersed oil droplets were still present in the whale
water column. Characterized oil droplets were in the contin-
uum size range from micro to nano. Smaller oil droplets tend
to accumulate at the halocline, while larger rise to the surface
where they may coalesce. The highest droplet concentration

(Montenegro; inset: study area, southern Adriatic Sea, adopted fronof 2.0 10°L ! was determined at the 5m depth (i.e. at the

Ivo evie DeNardis et al., 2014).

density gradient), while at the other depths the concentration
of droplet was bellow detection limit for electrochemical de-
tection. Dispersed droplets were in the size range from 1 m

fergn_t classes qf organi_c particle_s traditiongl_ly detected byupto 30 min measured samples (determined by microscopy
staining and microscopic analysis. An additional step for-and Nile red staining). Bacterial colonization of micrometre-
ward in the eld is expected by combining AFM and IR 10 sjzeq fuel droplets indicated that a biodegradation process
provide simultaneous correlation of topographical (organiza-gccyrred, as revealed by epi uorescence microscopy and
s tional) and chemical data (Dazzi et al., 2012; Amenabar efpap| staining (Fig. 9a). Hydrocarbon-degrading bacteria
al., 2013; Kulik et al., 2014). Alternatively, one could use coyid account for up to 10 % of the total bacterial population
chemically functionalized tips and, by simultaneously per-(assanshahian and Cappello, 2013), and thus the biodegra-
forming imaging and force curve acquisition, generate chemyation process is rather slow. Hydrocarbon-degrading bacte-
ical maps (Blanchette et al., 2008). Such studies would alyia ytilize oil droplets as a carbon and energy source. Bac-
w low relating molecular organization of marine organic mat- griq| ef ciency in the degradation of diesel fuel droplets
ter with chemical information on the micro- and nanometre .3y he measured as a change in droplet concentration, dis-
scales, which would undoubtedly widen the spectrum of in-yipytion, size, bacterial Im formation and bacterial oxyges

formation about samples of interest.

www.nat-hazards-earth-syst-sci.net/17/1/2017/

consumption and through chemical changes of oil composi-
tion (Baldi et al., 1997, 1999). AFM could be of particular
importance in imaging interactions between bacteria and oll
droplets on the micro- and nanometre scale, which would en-
able better understanding of the mechanism of bio Im forma-
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Figure 9. (a) Dispersed fuel oil droplets observed under an optical microscope with DAPI sta{bintyree-dimensional views of typical
nanometre-sized fuel oil droplets in the natural seawater sample taken at the Rt Murva deptti@fdepth of 5 m visualized by AFM with
the corresponding vertical pro les. Vertical pro le enables to calculate oil droplet diameter in seawater (adopted front IDeReardis et

al., 2014).

tion and therefore provide an insight into the ef ciency of the ef cient coordination between local authorities, research and
biodegradation process. In addition, force spectroscopy caimdustry in order to enable environmental protection as well
be applied to probe the adhesion force between the bacterias sustainable development. a0
cell and the droplet and to measure nanomechanical prop-

s erties of both the bacterial cell and oil droplets. Moreover, .
AFM can provide an insight into the nanoscale surface mor> Conclusions
phology of bio Ims or aggregates. AFM images of larger and . i .
smaller nanometre-sized oil droplets spread over the micaurface analytical methods are applied for hazardous situa-
substrate forming spherical caps are shown in Fig. 9b and dion in the Adriatic Sea such as monitoring the rst aggre-

.0 The imaged droplet diameter in seawater would correspon@2tion phases of dissolved organic matter in order to po-
to 520 and 80 nm, respectively (Ivo @viDeNardis et al., tenu_ally_pred|ct the massive muqlage formation and t_est@g
2014). Nanometre-sized droplets were detected in the whol@' ©il SPill cleanup. The monitoring study conducted in the
water column as reactive and stable fractions that persisforthern Adriatic enabled investigation of the environmen-
longer and can therefore cause a signi cant decrease of pm;__al status of s_eawaters based on the sp_atlotemporal d_|str|bu-

s toplankton primary production. Recovery of phytoplankton tion of organic matter. A.few months prior to the mucilage
variability and abundance after a heavy fuel oil spill in the 8V€Nnt, promoted by certain meteorological and hydrodynaim-
Marmara Sea, Turkey, required a time period of 3 years (TadCS condltlons, the conc;entrlatlon of accumulated SAP in the
and Erdogan, 2007). The consequences of anthropogenicalfj2locline reached 1 10°L °, and a large-scale sol-gel or-
caused oil spills are known to provoke serious ecosystem disdanic matter phase transformation occurred. Surface-active

» turbances in uencing the variability in planktonic dynamics, Particles were therefore identi ed as reactive mucilage pre-
survival of sh eggs, larvae, shell sh, hatching, swimming CUrsors in seawater. Formation of a gel network at the nasao-

activity, fertility in copepods and overall tropic interactions. Metric scale coincided with elevated concentrations of ex-

For example, dispersed diesel oil had a harmful effect on thdP!€ GeP or surfactant activity prior and after the macroag-
cardiac activity of Mediterranean mussels (Bakhmet et al.regation event. In the second example, in spite of the me-
s 2009; Martinove et al., 2015) important for adequate protec- chanical removal of the main oil spill content, the remain-
tion of shell sh farms, breeding control and preventing food N9 iNvisible but reactive micro- and nanodroplets were de-
poisoning of humans. Bay of Kotor is a semi-closed basin oftected in the collected sample. Reveale_d persistence of oil
Montenegro characterized by Karst rivers and undergroundifoPIets in the water column poses a serious threat to plank-
springs, which affect the temperature, density and salinity ofON community, nearby mussel farms, sheries and tourism.
«» seawater (Campanelli et al., 2009). To understand the fat®UCh @ methodological approach may contribute to optimiz-
and behaviour of dispersed diesel fuel under the complex hyiNd clean up performance after accidental events. Monitoring
drodynamic conditions requires a comprehensive and inter®f the environmental status of seawaters should be recom-
disciplinary approach. Supplementary modelling data of the™ended due to the intensive boat traf cking and shipyard ac-
corresponding geographical area would be of bene t in or-livity in the Ba}y of Kotor in order to Qec.re.ase the risk to the
« der to assess the scale of oil spreading and trajectory, impo2€nsitive marine ecosystem. Interdisciplinary approach and
tant for emergency responses and decision matters. Such apng-term measurements of relevant parameters are required

approach can help understand the scale of the problem arl§ order to better understand the spatiotemporal distribution
of organic matter in aquatic systems and consequently its
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role in the biogeochemical cycles. In the future, we foreseeBaldi, F., Pepi, M., Fani, R., Di Cello, F., Da Ros, L., and Fossato, V.
that integration of experimental data (on nanometre and mi- U.: Complementary degradation of fuel oil in super cial waters
crometre scales) with mathematical models (on the kilome- and in axenic cultures of aerobic Gram-negative bacteria isolated
tre scale), taking into account meteorological data, oceano- from Venice Lagoon, Croat. Chem. Acta, 70, 333 346, 1997. =

s graphic conditions, circulation pattern and satellite data, will Ba\'?" F'('j Ivo eV\";{ Z&hMmaCC;AA” Pe{)"’ M., Fani, R., Szj/_aﬂc,l
contribute to a better understanding of organic matter dynam- Y- 8nd uti€, V.. Adnesion oAcinetobacter venetianus diese
L . L fuel droplets studied by in situ electrochemical and molecular
ics in aquatic systems through development of sophisticated

hnoloaical olatf for K led ¢ d probes, Appl. Environ. Microb., 65, 2041 2048, 1999.
technological platform for knowledge transfer, reports an Balnois, E. and Wilkinson, K. J.: Sample preparation tech-

maps applicable for the marine environmental protection and pjgues for the observation of environmental biopolymers by
1 management of the coastal area, especially for tourism, sh-  atomic force microscopy, Colloid Surface A, 207, 229 242,
ery and cruiser traf cking. doi:10.1016/S0927-7757(02)00136-X, 2002.
Barradas, R. G. and Kimmerle, F. J.: Effect of highly surface-active

A compounds on polarographic electrode processes, J. Electroanal.
6 Data availability Chem., 11, 163 170, doi:10.1016/0022-0728(66)80079-7, 1966.

. . . Biller, S. J., Schubotz, F., Roggensack, S. E., Thompson,
Corresponding data sets referring to this paper can be ac- o, w., Summons, R. E., and Chisholm, S. W.: Bacte-
cessed upon request to authors. rial vesicles in marine ecosystems, Science, 10, 183 186,
doi:10.1126/science.1243457, 2014. 70
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