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Highlights 

 Models of polymer physics were applied to describe HMW SKC-IOM polymeric nature 

 HMW SKC-IOM polymeric structure showed highly responsive to solution chemistry 

 Two regions of different nanomechanical properties were observed in HMW SKC-IOM 

 HMW SKC-IOM showed fully extended chains at low ionic strength 

 HMW SKC-IOM evidenced compressed structures with increasing salt concentration 

 

Abstract 

In the current investigation, a rigorous characterization of the high molecular weight (HMW) 

compounds of Skeletonema costatum (SKC) intracellular organic matter (IOM), including 

nanomechanical properties, was conducted. HMW SKC-IOM was characterized as a mixture 

of polysaccharides, proteins, and lipids. Atomic force microscopy (AFM) provided crucial 

information of this isolate at a nanoscale resolution. HMW SKC-IOM showed highly 
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responsive to solution chemistry: fully extended chains at low ionic strength, and compressing 

structures with increasing electrolyte concentration in solution. Interestingly, two regions of 

different nanomechanical properties were observed: a) Region #1: located farther from the 

substrate and showing extended polymeric chains, and b) Region #2: located <10 nm above 

the substrate and presenting compressed structures. The polymer length, polymer grafting 

density, and compressibility of these two regions were highly influenced by solution 

conditions. Results suggest that steric interactions originating from HMW SKC-IOM 

polymeric structure would be a dominant interacting mechanism with surfaces. The current 

investigation has successfully applied models of polymer physics to describe the complex 

HMW SKC-IOM structural conformation at different solution conditions. The detailed 

methodology presented provides a tool to characterize and understand biopolymers interactions 

with surfaces, including filtration membranes, and can be extended to other environmentally 

relevant organic compounds. 

 

Keywords: Atomic force microscopy; Organic matter; nanomechanical properties; 

Skeletonema Costatum; Interfacial interactions. 

 

1. Introduction 

Several regions in the world are currently experiencing a lack of water resources to meet the 

demands of a growing global population. This water demand has constantly increased because 

of the expansion and development of urban areas, industries, and agriculture; consequently 

resulting in water scarcity (i.e., water stress, shortage, or crisis) [1]. In addition, the 

unsustainable use of freshwater has significantly affected the quality and quantity of this 

resource, exacerbating environmental problems. During the last decades, seawater desalination 

has emerged as a suitable option for those regions (e.g., Middle East, Australia, and Europe) 
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with intense freshwater use or limited (i.e., or even depleted) freshwater resources [2]. 

Nevertheless, the occurrence of episodic marine algal bloom events represents a major 

drawback that significantly affects the performance of desalination plants (i.e., increased 

membrane fouling rates and operational costs) [3, 4]. For instance, in 2008 Arabian Gulf 

countries (i.e., highly dependent on desalination plants as their main source of freshwater) shut 

down water production due to a Cochlodinium polykrikoides bloom [2, 5]. Interestingly, the 

frequency, intensity, and geographic distribution of algae blooms have increased in the last 

decades. 

During a marine algae bloom, the microscopic planktonic algae rapidly proliferate and can 

reach concentrations of several hundred thousand cells/mL [3]. These algae blooms usually 

occur at the seawater surface and in coastal areas, thus impacting human activities [6]. In 

addition to coloration of water, release of toxins, and production of taste or odor compounds; 

marine algae blooms generate turbidity and high concentrations of algal organic matter (i.e., 

AOM-referring to a wide range of macromolecules such as oligosaccharides, amino acids, 

lipids, polysaccharides, proteins, or peptides) [4, 7]. This large AOM content, originated from 

algal biomass (i.e., intracellular organic matter–IOM, generated inside the cell and released 

during lysis) and the production of extracellular organic matter (i.e., EOM, excreted by algal 

cells during growth), causes high and even irreversible fouling in desalination systems [3, 4]. 

To advance our knowledge of AOM impact on desalination processes, numerous approaches 

for characterizing and identifying recalcitrant AOM foulant fractions have been developed and 

comprehensively studied. Briefly, Liquid Chromatography coupled with Organic Carbon 

Detector and UV Detector at 254 nm (LC-OCD) analysis has been conducted on different algal 

monocultures (e.g., Alexandrium tamarense, Chaetoceros affinis, Microcystis sp., 

Scenedesmus sp., etc.) [8-10]. Although different fractions could be detected from the LC-OCD 

profiles (i.e., biopolymer peaks, aromatic fractions, low molecular weight neutrals, etc.), 
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hydrophilic compounds were present as the dominant fraction for all phases of growth (i.e., 

IOM and EOM, contributing to >50% of the total organic carbon - TOC). Similarly, Fourier 

Transform Infra-Red spectroscopy (FTIR) analyses have confirmed the strong presence of 

carbohydrate-like and protein-like compounds in AOM. 13C-Nuclear Magnetic Resonance 

(13C-NMR) technique has been used in AOM samples of different sizes (i.e., ranging from 1 

kDa to 1.6 m) and has also confirmed the complex nature of AOM as mainly composed by a 

mixture of carbohydrates and proteins [11-13]. In addition, Pyrochromatograms of AOM 

(Pyrolysis-Gas Chromatography coupled with Mass Spectroscopy - Pyrolysis-GC-MS) have 

shown the presence of pyrroles and nitriles (i.e., produced from the pyrolysis of proteins and 

nucleic acids, respectively), furans (polysaccharides by-products), and phenols (i.e., resulting 

of the thermal degradation of lignin, polycarboxylic acids, or proteins) [13-15]. In contrast, 

Fluorophore regions and Fluorescence Emission Excitation Matrices (FEEM) of different 

AOM samples have indicated the presence of marine humic-like substances during growth in 

EOM and its absence in the IOM matrix, suggesting excretion [16].  

Recently, Atomic Force Microscopy (AFM) has been introduced as a versatile tool to 

characterize different AOM fractions and algae cells. Briefly, AFM was used to image and 

analyze macromolecular structures of various carrageenan types extracted from red algae of 

Gigartinaceae and Tichocarpaceae families, and the surface morphology of M. aeruginosa-

fouled PVC membrane [17, 18]. In addition, force measurements between a silicon nitride 

AFM tip and Enteromorpha linza were conducted to obtain mechanical properties of the 

hydrated spores (i.e., Young’s modulus, maximum adhesion forces, and maximum adhesion 

distance) [19]. Likewise, in a previous comprehensive study, adhesion forces between AOM-

coated AFM probe and polyethersulfone (PES) membrane or AOM-fouled PES membrane 

were measured to investigate the tendency of AOM to adsorb to surfaces and to AOM 
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compounds (i.e., extracted from Alexandrium tamarense, Chaetoceros affinis, and Microcystis 

sp.) [10]. 

The target of this study is to build upon these previous investigations for obtaining a correlation 

between the physicochemical characteristics and nanomechanical properties of AOM (i.e., 

analysis of the polymeric nature of AOM). This nano-scale understanding represents a gap in 

knowledge and would highly contribute to: a) understand biopolymers conformational change 

with solution conditions and their respective interactions with surfaces (i.e., with specific 

implications to membrane filtration), and b) to provide a rational basis to the optimization of 

membrane surface characteristics/properties in desalination systems. For the current study, the 

High Molecular Weight (HMW) structures (i.e., biopolymers) of IOM of Skeletonema 

costatum (i.e., SKC-a ubiquitous seawater algae responsible for algal bloom [20]) were selected 

as model AOM (i.e., the HMW compounds of SKC-IOM have been identified as a major 

foulant for ceramic and polymeric membranes [21]) and rigorously characterized using 

Elemental Analysis, FTIR, Pyrolysis-GC-MS, 13C-NMR, and 1H-NMR. In addition, the 

nanomechanical properties (i.e., polymer length, polymer grafting density, compressibility, and 

decay length) of this HMW SKC-IOM were studied at different solution chemistries by AFM 

and mathematically described by models of polymer physics.  

2. Materials and Methods 

2.1. Algae species and Culture Protocol 

Skeletonema costatum (SKC) was selected as a model algae strain for this project (i.e., provided 

by the Oceanographic Observatory of Banyuls-sur-Mer, ARAGO, France). Seawater was 

collected at the Red Sea, filtered through a 0.45 μm membrane, and then stored in the dark until 

use. Culture media was prepared by adding nutrients (F/2 Guillard) to the seawater sample (10 

liters). This solution was autoclaved at 120C for 20 minutes and then allowed to cool down 

for further SKC inoculation. SKC culture was exposed to artificial light 12 hours a day for 6 
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weeks, where the temperature was kept at 18°C. Every two weeks, a new inoculation process 

(in 50 mL tubes) was conducted to maintain the SKC culture at an exponential phase of growth. 

Additionally, aeration with ambient air was continuously provided to prevent algae 

sedimentation and to allow an efficient air exchange and exposition to light for all cells.  

2.2. Isolation of High Molecular Weight Compounds of SKC-IOM 

To separate SKC cells, at the decline phase of growth (approximately 20 days of culture) 8 L 

of culture solution was centrifuged at 3000 g for 15 min. The supernatant was carefully 

removed, and the resulting pellet (SKC cells) was re-suspended, sonicated (QSONICA Q700, 

Hielscher, Germany) at 350 Watts for 10 minutes, and filtered through 0.7 μm. This final 

solution contained the Intracellular Organic Matter (IOM) of SKC. The High Molecular Weight 

(HMW) compounds of SKC-IOM were obtained through a 3.5 kDa dialysis process (i.e., 

retained inside the dialysis bag) against MilliQ water (Millipore, USA). The MilliQ water was 

changed every two days until reaching a permeate conductivity below 10 μS/cm. Samples of 

HMW SKC-IOM were collected and freeze-dried for analytical purpose. An additional 

characterization of: filtered/centrifuged SKC culture solution, SKC-IOM, and HMW SKC-

IOM by Liquid Chromatography-Organic Carbon Detection (LC-OCD) was conducted to 

assess the isolation protocol efficiency, and it is described in the Supplementary Data section. 

2.3. Characterization of the High Molecular Weight compounds of SKC-IOM 

HMW SKC-IOM was characterized using the following solid-state analytical tools. For 

Attenuated Total Reflectance–Fourier Transform Infrared Spectroscopy (ATR-FTIR) analyses, 

the potassium bromide (KBr) pellet method was used. Briefly, KBr pellets were prepared by 

mixing and grinding 0.3 mg of dried sample with 100 mg of KBr salt. Transparent and thin 

pellets of approximately 0.5 mm in thickness were formed by subjecting the mixture to a press 

at 10 tons/inch2. The HMW SKC-IOM sample was mixed with analytical grade KBr. A blank 

sample containing only KBr was measured prior to analyses and used to remove background 
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noise. The wavelength of the generated spectra ranged from 400 cm-1 to 4000 cm-1. Solid-state 

13C-NMR spectra were acquired with a Bruker AVANAC III 400 MHz spectrometer equipped 

with a triple-resonance 4 mm Bruker MAS probe. 13C-Cross Polarization-Magic Angle 

Spinning-NMR (3C-CP-MAS-NMR) spectra were acquired at a resonance frequency of 

100.622 MHz under a 14 kHz spinning rate. Bruker Topspin 3.0 software was used for data 

collection and for spectral analysis. Electrophoretic mobility (EPM) of HMW SKC-IOM or 

silica particles (1.6 m in diameter, PolySciences, USA) were measured by a ZS ZEN3600 

Zetasizer (Dispersion Technology Software v5.10, 2008, Malvern, UK) using 1 mL clear 

disposable zeta cells (DTS1060C, Malvern, UK) at pH 5.8±0.1 under the following ionic 

strength: 1, 3, 10, 30, and 100 mM NaCl. Silica particles were coated with HMW SKC-IOM 

by the layer-by-layer procedure using positively-charged iron oxide as an intermediate layer, 

as described elsewhere [22]. A minimum of three replicate solutions per electrolyte condition 

were prepared and measured. The EPM values obtained were converted to zeta potentials by 

the Smoluchowski equation. The characterization protocol of HMW SKC-IOM by Pyrolysis-

GC-MS, 1H-NMR, and elemental analysis is described in the Supplementary Data section.  

2.4. Measurement of interaction forces between HMW SKC-IOM and silica surface  

Interaction forces between HMW SKC-IOM and silica wafer (i.e., selected as a model smooth 

surface) were measured with a 5500 Scanning Probe Microscope (5500 SPM, Agilent 

Technologies, USA) [23]) Colloidal AFM probes were prepared by gluing a 20 m silica 

sphere on a silicon nitride cantilever (SICON, AppNano, USA). The diameter of the silica 

sphere was measured by Scanning Electron Microscopy (SEM Quanta 3D-FEG, FEI, 

Netherlands). The sensitivity of the cantilevers were first determined. The spring constant of 

the cantilevers were obtained by the Thermal Tuning method, while the deflection (V) was 

converted to force (nN) in accordance to Hooke’s law [23]. The HMW SKC-IOM coating 

procedure of the AFM probe was conducted following the layer-by-layer procedure using iron 
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oxide as an intermediate layer as described elsewhere [24-28]. Briefly, the AFM colloidal probe 

was immersed in a previously prepared iron oxide solution for 8 h (i.e., precipitation of iron 

oxide was performed by increasing the pH of a 10 mM FeCl3 solution to 7 by small additions 

of NaOH). The iron oxide-coated AFM probe was removed from the iron oxide solution and 

then immersed in MilliQ water. After careful rinse, the probe was immersed in 300 L of a 100 

mg C/L HMW SKC-IOM solution and allowed to coat for another 8 h. The HMW SKC-IOM-

coated AFM probe was again carefully rinsed in MilliQ water and immediately used for 

experimentation. The successful HMW SKC-IOM coating of the AFM colloidal probes was 

evidenced by SEM micrographs as previously described [25] (i.e., HMW SKC-IOM-coated 

AFM probes subjected to SEM were not used for experimentation). Approaching and retracting 

force profiles were acquired at a 400 nm/s rate (Pico View v.1.8.2 software, Agilent 

Technologies, USA) [29]. The force load was carefully controlled and set in preliminary 

experiments to prevent damage to the polymeric structures of the HMW SKC-IOM coating 

layer during interactions with silica surface. The selected solution chemistries for the current 

AFM study were: 1, 3, 10, 30, and 100 mM NaCl at a pH 5.8±0.1. A minimum of 40 force vs 

distance profiles per solution condition were obtained at different locations of the silica surface. 

AFM experiments were conducted by duplicate with different HMW SKC-IOM-coated AFM 

probes for reproducibility purposes. In addition, SEM micrographs of HMW SKC-IOM-coated 

AFM probes after experimentation were acquired to assess the HMW SKC-IOM coating 

completeness of the AFM probes. The generated force vs distance profiles were processed, 

analyzed, and modeled as described in the following section.  

2.5. AFM data reduction and description by models of polymer physics  

Approaching force curves were individually and rigorously analyzed for the following 

parameters: decay length, interaction distance, polymer grafting density, compressibility, and 

polymer length. Briefly, interaction force decay length (-1) was calculated based on the 
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repulsive force profile following an exponential decay. Decay length was described by the 

equation: F=F0•exp(−d) (i.e., F: interacting force, F0: pre-exponential constant, d: separation 

distance). The values of decay length obtained at different ionic strength were further compared 

to theoretical Debye length [30]. To further investigate the nature of the repulsive forces 

between HMW SKC-IOM and silica surfaces, the approaching for profiles were fitted by the 

Alexander-de Gennes model and described by the formula: F=50kbTRL03/2exp[-2(d/L0)] 

(i.e., F: interacting force, kb: Boltzmann’s constant, T: temperature, R: AFM probe radius, d: 

separation distance) [31]. Polymer length (L0) and polymer grafting density (were 

determined as the fitting parameters. This equation considers steric interactions between 

surfaces caused by the presence of a grafted polymer layer in a good solvent. The 

compressibility of HMW SKC-IOM polymeric structures (in units of N/m2) was calculated as 

the gradient of the slope of the force-displacement curve between the point of contact (i.e., 

interaction distance between the organic sample and silica surface in contact regime) and the 

region of constant compliance (i.e., linear response of the AFM tip) [19, 23]. Additionally, a 

rigorous statistical analysis by probability density functions were conducted the resulting 

parameters (i.e., decay length, interaction distance, F0, etc.) to obtain their mean ( and sigma 

(. Finally, classic Derjaguin-Landau-Verwey-Overbeek (DLVO) theory of colloid stability 

was used to calculate theoretical energy barriers arising between HMW SKC-IOM-coated 

probe and silica surface (i.e., sphere-plate model) as the sum of the Lifshitz-van der Waals and 

electrostatic double-layer interactions (i.e., zeta potentials were used as an approximation to 

the electrostatic surface potential of the interacting surfaces) [30, 32, 33]. However, classic 

DLVO theory has been marginally successful describing interaction between organics or 

biological systems (i.e., DLVO theory is valid for perfectly smooth surfaces). Deviations from 

DLVO theory would provide evidence of the presence of specific interactions.   
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3. Results and Discussion 

3.1. Structural properties of HMW-SKC-IOM 

FTIR analysis allowed to highlight the predominant structural features of HMW SKC-IOM 

(Figure 1). The identification of infrared (IR) absorption peaks was conducted following the 

protocol previously described [13]. Specifically, the strong adsorption band at 3400 cm-1 is 

characteristic of hydrogen bonding. In addition, amide-A (3294 cm-1), amide-B (3090 cm-1), 

amide-I (1650 cm-1), amide-II (1555 cm-1), and amide-III (1410 cm-1) signals were assigned 

to proteins. The presence of polysaccharides/sugars was observed through the detection of a 

broad band near 1037 cm-1 (i.e., stretching vibration of C-O). A sharp peak at 1384 cm-1 (i.e., 

symmetric bending vibration of CH3 of N-acetyl group) along with amide-I and amide-II peaks, 

and sugar bands, are characteristic of N-acetyl aminosugars (i.e., degradation product of 

bacterial cell wall peptidoglycans) [13]. The bands at 2960 cm-1 to 2850 cm-1 were assigned to 

aliphatic groups (CH3, CH2).[34] The COOH band at 1730 cm-1, the CH2 band at 1454 cm-1, 

along with the band at 2960-2850 cm-1
 can be attributed to lipids/aliphatic acids [13]. The band 

at 1240 cm-1 is attributable to the stretching vibration of phosphodiester backbone of nucleic 

acids [35]. Finally, the FT-IR spectrum revealed that HMW SKC-IOM mainly incorporates 

carbohydrates, protein-like structures, and lipids, a composition generally described for the so-

called biopolymer fraction of natural waters [36]. In addition, Pyrolysis-GC-MS results (SI) 

also supported the significant presence of lipids with the identification of major peaks attributed 

to numerous fatty acid compounds. 

The 13C-NMR spectra of HMW SKC-IOM (Figure 2) showed a strong resonance peak at 72 

ppm (i.e., alcohol band) associated with a well resolved band centered at 100 ppm (i.e., 

anomeric C), characteristic of carbohydrates [7, 14, 37]. The peak at approximately 174 ppm 

can be attributed to carboxyl groups present in carbohydrate moieties [11, 37]. The peak at 174 

ppm can also refer to amide, as an indicator of proteins, along with the peaks in the 45-60 ppm 
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region corresponding to the N-alkyl linkage and amino-acid groups [11, 13]. The spectrum 

obtained for HMW SKC-IOM showed clear signatures of proteins with a strong signal in the 

45-60 ppm region in addition to peaks at 130 and 169 ppm that corresponded to aromatic 

aminoacids (i.e., tyrosine). A distinct peak observed at approximately 30 ppm refers to 

methylene carbons present in lipids, or long straight carbon chain present in proteinaceous 

structures. 1H-NMR results (SI) also supported the structural characteristics identified by 13C-

NMR. 

Zeta potential (ZP) of silica and HMW SKC-IOM were clearly influenced by solution 

conditions (Figure 3a). Silica particles showed negative ZP throughout the entire range of ionic 

strength tested as previously reported [24]. The negative ZP of silica would be originated by 

deprotonated silanol groups at the pH of the experiments, and decreased with increasing Na+ 

concentration. The ZP of HMW SKC-IOM was also negative during the solution conditions 

tested and would be originated by deprotonated carboxyl groups (i.e., as described in the FTIR 

and 13C-NMR characterization). Nevertheless, HMW SKC-IOM showed lower ZP values as 

compared to that of silica, and also decreased with increasing ionic strength. This low negative 

ZP values displayed by hydrophilic biopolymers have been previously observed (i.e., carboxyl 

groups is not a dominant functional group in hydrophilic biopolymers structure) [22]. 

The ZP values obtained were used to model energy barriers between HMW SKC-IOM and 

silica surface using Classic DLVO theory (Figure 3b). The value selected for Hamaker (A) 

constant was 4.0×10-21 J. This value is consistent with Hamaker constants previously reported 

for proteins (BSA: 4.0×10-21 J), river humic acid (SR-HA: 4.6×10-21 J), and bacterial cell 

(Escherichia coli K12 mutants having lipopolysaccharide layers: 6.5×10-21 J) [23, 38-40]. 

Briefly, energy barriers were observed between silica and HMW SKC-IOM at low ionic 

strength (i.e., 1, 3, and 10 mM NaCl). Nevertheless, these barriers decreased in magnitude with 

increasing Na+ concentration in solution. This decrease is associated with charge screening of 
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both silica and HMW SKC-IOM, resulting in reduced repulsive electrostatic forces (i.e., long-

ranged forces and sensitive to ionic strength and solution composition) [30]. Interestingly, no 

energy barrier was observed at 30 and 100 mM NaCl, indicating the predominance of van der 

Waals forces (i.e., ubiquitous and not sensitive to ionic strength) over electrostatics. This 

simulation suggests the absence of energy barriers between silica and HMW SKC-IOM at high 

ionic strength. Nevertheless, classic DLVO theory does not describe interactions of organics 

or biological systems such as acid-base and steric forces.  

As a summary of the characterization conducted on HMW SKC-IOM by Elemental Analysis, 

Pyrolysis-GC-MS, 1H-NMR (results described in Supplementary Data section), FTIR, and 13C-

NMR, this isolate is defined by a high polarity and a low aromaticity (i.e., probably associated 

to aromatic aminoacids). The characteristics of HMW SKC-IOM are similar to those of 

freshwater biopolymers (i.e., as opposed to those of humic substances) [36, 41]. Briefly, this 

fraction mainly consists of a mixture of polysaccharides, proteins, and lipids. Also, the 

moderate-low negative charge of this isolate is consistent to that of freshwater biopolymers, 

and lower than the charge displayed by humic substances. 

3.2. Nanomechanical properties of HMW SKC-IOM  

The nanomechanical properties of HMW SKC-IOM were obtained through a rigorous analysis 

of the approaching regime of the force vs distance profiles generated between silica surface 

and HMW SKC-IOM-coated AFM probe at different ionic strength. 

During approaching, repulsive forces following a pseudo-exponential decay were observed 

between silica and HMW SKC-IOM at every ionic strength tested (i.e., 1, 3, 10, 30, and 100 

mM NaCl) (Figure 4a). Interestingly, classic DLVO theory (plate-sphere model) predicted no 

energy barrier between silica surface and HMW SKC-IOM at 30 and 100 mM NaCl solutions. 

The absence of energy barriers at those solution chemistries (i.e., predominance of van der 

Waals over electrostatic forces at 30 and 100 mM NaCl) would be translated in the occurrence 
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of jump in-to-contact events (i.e., gradient of attractive forces exceeding the spring constant of 

the cantilever) in the current AFM experimental setup [23]. Nevertheless, irrespective of 

solution chemistry, every recorded approaching curve showed repulsive forces (i.e., even at 

high ionic strength). This discrepancy between classic DLVO theory predictions and 

experimental data suggests the possible presence of non-DLVO forces interacting in the 

silica/HMW SKC-IOM system and was further investigated as follows.  

Although long-ranged and high repulsive forces following a pseudo-exponential decay were 

observed between silica and HMW SKC-IOM in 1 mM NaCl solutions (Figure 4a), the 

magnitude of these forces decreased with increasing Na+ concentration. Previous investigations 

have also observed a decrease in repulsive forces between surfaces and organic or biological 

material with increasing salt in solution [25, 42, 43]. To study these repulsive forces, two 

parameters were extracted from the approaching curves and statistically analyzed: a) 

interaction distance (i.e., interaction in contact regime between HMW SKC-IOM and silica 

surface occurring from the point of contact to the region of constant compliance) and b) F0 (i.e., 

“Force at Contact” or pre-exponential constant described by the concept of decay length) 

(Figure 4a) [23, 42].  

Mean interaction distances decreased with increasing salt in solution (i.e., 98.9, 69.4, 33.2, 

23.9, and 21.9 nm at 1, 3, 10, 30, and 100 mM NaCl solutions, respectively) (Figure 4a, S5a, 

S6a-c). Similarly, F0 (i.e., the maximum force recorded before the region of constant 

compliance resulting from HMW SKC-IOM interaction with silica surface) [23] also decreased 

with increasing ionic strength (Figure 4a, S5b), as similarly observed in previous investigations 

[42, 44]. Mean F0 values were: 21.0, 14.0, 15.9, 3.3, and 1.8 nN at 1, 3, 10, 30, and 100 mM 

NaCl solutions, respectively. This statistical analysis clearly indicated the influence of Na+ 

cations on the interaction distances and on the repulsive forces displayed by HMW SKC-IOM 

to silica surface. Furthermore, these results provide a quantitative evidence of the 
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“compression” of the force vs distance profiles as a function of solution chemistry, and also 

suggest a possible conformational change of HMW SKC-IOM structure. However, to elucidate 

the specific nature of this forces and their correlation to solution conditions, an additional 

analysis of the approaching curves was conducted. 

Approaching curves were initially fitted using an exponential decay model to determine HMW 

SKC-IOM interaction force decay length (-1) for every solution condition tested and to detect 

any deviation from theoretical Debye length (i.e., describing electrostatic forces as the 

interacting mechanism) [23, 24, 42]. Regardless of their high coefficient of determination (R2) 

values, the exponential decay fit of every single force profile generated at 1, 3, 10, and 30 mM 

NaCl deviated from the experimental data (Figure 4b, S4a), specifically at the pseudo-

exponential region. Previous investigations have documented unsuccessful attempts to 

accurately model approaching curves (i.e., describing organic or biological system interactions 

with surfaces) using an exponentially decaying function to extract their characteristic -1 

parameter [23, 25, 45]. However, extended models that incorporate bi-exponential term 

extensions (i.e., to mathematically describe acid-base or steric interactions) have also been 

tested, resulting in a more detailed understanding of the dominant interacting mechanisms and 

physicochemical surface properties of the samples [23, 45].  

Approaching curves acquired at 1, 3, 10, and 30 mM NaCl were then modeled using a bi-

exponential decaying function (Figure 4b, S4a). Two regions were clearly identified during the 

fitting of these curves and their corresponding decay lengths were extracted; a) Region #1: 

starting at the point of contact between HMW SKC-IOM and silica and characterized by higher 

-1 values, and b) Region #2: extending <10 nm before the region of constant compliance and 

distinguished by lower -1 values. The decay length of Region #1 showed highly dependent on 

solution chemistry. The -1 values obtained for Region #1 were 12.8, 8.8, 4.4, and 2.0 nm for 

1, 3, 10, and 30 mM NaCl, respectively (Figure S6d-f); while the -1 values obtained for Region 
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#2 were 0.74, 1.23, 0.74, and 0.2 for 1, 3, 10, and 30 mM NaCl, respectively. The values of 

decay length of both regions followed a trend that deviated from theoretical Debye length 

(Figure 5a). Specifically, -1 values of Region #1 were above Debye length, especially at 1, 3, 

and 10 mM NaCl. Contrariwise, the -1 values of Region #2 were significantly below Debye 

length at all the ionic strength range tested. The decay length at 100 mM NaCl was 0.53 nm. 

In addition to the classic DLVO theory prediction, these decay lengths provided another 

supporting evidence of the presence of non-DLVO forces interacting between HMW SKC-

IOM and silica surface. 

Decay lengths deviating from theoretical Debye length have been extensively documented for 

various organic/biological systems (e.g. bacterial cells, oocyst, or organics interactions with 

membranes) [23, 42, 45-47]. Those previous studies have highlighted the contribution of steric 

repulsive forces, which have been attributed to the polymeric nature of the tested material. The 

results obtained in the current study not only suggest the influence of steric interactions 

originating from the polymeric structure of HMW SKC-IOM, but also indicates the presence 

of two regions showing different nanomechanical properties. Moreover, results also suggest 

that the structural conformation of HMW SKC-IOM and the nanomechanical characteristics of 

these two regions are highly influenced by solution chemistry. To test the abovementioned 

hypothesis, an additional analysis of these two regions was conducted. Polymer length and 

polymer grafting density of HMW SKC-IOM were determined by Alexander-de Gennes model 

for compression of a polymer brush, as widely described in previous investigations [23, 48]. 

Nevertheless, Alexander-de Gennes model could not accurately fit the pseudo-exponential 

region of the approaching curves (Figures S4b, S7a-c). Therefore, polymer length and polymer 

grafting density were separately determined in Region #1 and Region #2 by Alexander-de 

Gennes model, following the bi-exponential approach above described (Figure S4b). The 

polymer lengths obtained for Region #1 were 99.6, 66.6, 26.1, and 7.0 nm for 1, 3, 10, and 30 
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mM NaCl, respectively (Figure S6g-i); while the polymer lengths obtained for Region #2 were 

17.6, 15.1, 9.7, and 1.3 for 1, 3, 10, and 30 mM NaCl, respectively (Figure 5b). These high 

values of polymer length are consistent with the expected large size of HMW compounds 

resulting from the dialysis process (i.e., filtered through a 0.7 m membrane and retained in a 

3.5 KDa dialysis bag, section 2.2) and also observed in the LC-OCD profiles (Figure S1b). 

Soluble natural polysaccharides of similar length have been previously reported [49]. 

Furthermore, the polymer grafting density obtained for Region #1 were 6.6, 4.7, 16.0, and 41.7 

(/100 nm2) for 1, 3, 10, and 30 mM NaCl, respectively; while for Region #2 were 27.1, 34.7, 

41.1, and 128 (/100 nm2) for 1, 3, 10, and 30 mM NaCl, respectively (Figure 6a). Polymer 

length and polymer grafting density could not be accurately determined at 100 mM NaCl due 

to high scatter in the experimental data. These results indicate that mean length of HMW SKC-

IOM polymer brush in both Regions #1 and #2 follow a decreasing trend (i.e., decreasing 

thickness) with increasing salt in solution. Conversely, the mean polymer grafting density of 

both regions increased with increasing NaCl concentration. Previous AFM studies 

investigating the characteristics of polymeric structures have reported similar trends. For 

instance, the conformation and length of extra cellular polymers on bacteria surface have been 

observed to highly respond to ionic strength and pH [50, 51]. Polyethylene Glycol (PEG) 

brushes anchored on a gold ring have been reported to extend or collapse under good (PBS) or 

poor (10% 2-propanol) solvent conditions (i.e., change in conformation), respectively [52]. In 

this latter study, surface functionalities were suggested to play a significant role in this change 

of conformation; where the forces recorded decayed exponentially and were described as 

sterically repulsive. Therefore, the decrease observed in HMW SKC-IOM polymer length with 

increasing electrolyte in solution would be a response to poor solvent conditions. Indeed, the 

high values of polymer length at low ionic strength suggest fully extended polymeric structures 

of high polarity (i.e., highly interacting with water molecules). This polarity would be 
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originated from the high aliphaticity, low aromaticity, high content of alcoholic groups, and 

moderate negative charge of HMW SKC-IOM molecules (i.e., as observed in 13C-NMR, FTIR, 

1H-NMR, and zeta potential measurements). However, increasing Na+ indifferent cations (i.e., 

weak outer-sphere complexation, increasing charge screening [53, 54]) in solution would 

influence HMW SKC-IOM intermolecular and intramolecular interactions [55, 56]. In addition 

to polysaccharides, Pyrolysis GC-MS, 13C-NMR, FTIR, and 1H-NMR characterization also 

indicated a significant presence of proteins and lipids in HMW SKC-IOM structure. Proteins 

and lipids are expected to show considerably less polarity than polysaccharides [57], and would 

highly rely on deprotonated carboxyl groups (i.e., providing negative charge) for interacting 

with the surrounding solvent. Consequently, increasing electrolyte in solution would result in 

HMW SKC-IOM conformational changes where lipids and proteins would be structurally 

rearranged to interact less with water molecules, responding to entropic changes. 

Consequently, this compression of HMW SKC-IOM structures would be reflected in an 

increase in polymer grafting density, as consistently observed in Figure 6a. 

Interestingly, a comprehensive AFM study conducting indentation on PEG brushes also 

observed two regions of different nanomechanical properties [48]. Similarly to the current 

investigation, the mechanical response of these PEG brushes to compression (i.e., analyzed in 

approaching curves) evidenced regions of different thickness and elastic modulus: a) Region 

#1: located farther from the substrate and showing extended polymeric chains, and b) Region 

#2: located within the last few nanometers above the substrate and presenting constraint chains 

(i.e., stiffer film). To obtain a more detailed understanding of HMW SKC-IOM conformational 

change with solution conditions, compressibility was determined based on Alexander-de 

Gennes model [58]. As expected, with increasing electrolyte concentration, the polymer 

grafting density of Regions #1 and #2 also increased, thus resulting in higher compressibility 

of the brush layers (Figure 6a-b). Also, polymer grafting density and compressibility in Region 
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#2 were higher than in Region #1 throughout the entire ionic strength range tested, indicating 

a direct correlation. These trends in polymer length, polymer grafting density, and 

compressibility as a function of solution chemistry would be explained as follows. The HMW 

SKC-IOM brush layers in both Region #1 and #2 showed increasing resistance to compression 

with: a) increasing ionic strength, and b) as the colloidal probe approaches to the silica surface. 

These increasing (exponential) repulsive forces are the result of a decrease in entropy of the 

confined HMW SKC-IOM polymeric chains. Therefore, a decrease in HMW SKC-IOM 

polymer length would directly lead to an increased polymer grafting density and to increase in 

compressibility, as observed in the current results. 

The interaction forces between HMW SKC-IOM and silica surface have been mathematically 

modeled using a bi-exponential model. This model suggested the presence of two regions of 

different nanomechanical properties, also highly impacted by solution chemistry. The 

hypothesis of a two-region system would be supported by the characteristics of HMW SKC-

IOM. According to the characterization results, this fraction is a heterogeneous mix mainly 

composed of large polysaccharide-like and protein-like compounds of different properties and 

structures. Therefore, polysaccharides and proteins would also be expected to display different 

nanomechanical properties that could be modelled as a two-component system, resulting in 

different decay lengths, polymer lengths, and compressibility. 

4. Conclusions: Environmental Implications 

A detailed characterization of algal organic matter (i.e., including mechanical properties at the 

nanoscale) represents a fundamental steppingstone for understanding algal biopolymers 

interactions with surfaces, which has strong implications for the investigation of membrane 

fouling in desalination systems. In the current study, the HMW compounds of SKC-IOM were 

selected as model AOM. The environmental relevance of the selection of this organic fraction 

is based on the following: a) HMW organic compounds (i.e., of surface water or AOM origin) 
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have been widely investigated and proposed as highly influential fractions inducing fouling on 

polymeric and ceramic membranes [59-61], and b) IOM represent a common environmental 

scenario occurring in aging algae blooms: lysis of cells and intracellular organic matter release.  

A rigorous characterization of HMW SKC-IOM indicated a fraction of high polarity, consisting 

mainly of polysaccharides, proteins, and lipids. AFM provided crucial information at a 

nanoscale spatial resolution, specifically nanomechanical properties. HMW SKC-IOM showed 

highly responsive to solution chemistry: fully extended chains at low ionic strength, and 

compressing structures with increasing electrolyte concentration in solution. These results 

suggest the influence of steric interactions originating from the polymeric structure of HMW 

SKC-IOM, and indicate the presence of two regions of different nanomechanical properties 

also highly impacted by solution chemistry. The current investigation has successfully applied 

models of polymer physics to describe the complex polymeric nature of an algal fraction at 

different solution conditions. In addition, results from this investigation would contribute to 

understand biopolymers conformational changes with solution conditions (e.g., seawater, 

brine, or freshwater), and how these conformational changes would influence biopolymers 

interactions with surfaces (e.g., filtration membranes). Finally, the detailed methodology 

presented in this investigation to study the polymeric nature of AOM at different solution 

chemistries can be potentially extended to other organic compounds of environmental 

relevance. 
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Figure 1. FTIR spectra of HMW SKC-IOM isolate. 
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Figure 2. 13C-NMR spectra of HMW SKC-IOM isolate.  
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Figure 3. a) Zeta potential of silica particles (:1.6 m) and HMW SKC-IOM-coated silica particles in solutions 

of different ionic strength. b) Classic DLVO simulations of energy barriers between HMW SKC-IOM-coated 

AFM colloidal probe (:20 m) and silica surface (sphere-plate model). 
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Figure 4. Representative force vs distance profiles at approaching regime. a) These curves generated at 1, 10, and 

30 mM NaCl illustrate the change in F0 and interaction distances with ionic strength. b) This curve acquired in 1 

mM NaCl was fitted using exponential decay (green dotted line) and bi-exponential decay (red and blue solid 

lines). The latter model suggests the presence of 2 regions of different properties.  
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Figure 5. Mean a) decay length and b) polymer length were calculated for the two regions of different 

nanomechanical properties. Polymer length was determined based on Alexander-de Gennes model. 
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Figure 6. a) Polymer grafting density and b) compressibility calculated for the 2 regions of different 

nanomechanical properties. Polymer grafting density and compressibility were determined based on Alexander-

de Gennes model. 

 


