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A B S T R A C T

A multifaceted separations platform that incorporates the strengths of asymmetrical flow field-flow fractionation 
with multi-detectors (AF4-MD), high performance anion exchange chromatography (HPAEC), and hydrophilic 
interaction liquid chromatography with mass spectrometry (HILIC-MS) is developed to obtain a more complete 
picture of the molecular weights (MW), composition, and salt-induced aggregation behavior of extracellular 
polymeric substances (EPS) produced by the algae Chlorella vulgaris. The absence of a stationary phase makes 
AF4-MD particularly well suited for characterizing polydisperse hydrocolloid polymers as well as studies that 
investigate the effect of ionic environments that aligns with the natural environment of C. vulgaris. Fractionation 
of C. vulgaris EPS revealed three distinct MW populations ranging from 4 × 10⁴ to 3 × 10⁸ Daltons. This exceeds 
the previously reported MW by three orders of magnitude and reports a previously unknown size subpopulation. 
The optimized AF4-MD technique was then used to produce two size fractions that were probed using HPAEC 
and LC-MS. These orthogonal methods uncovered compositional heterogeneity across fractions, with variations 
in monosaccharides and amino acids.

AF4-MD is also well suited for studying the behavior of EPS in the presence of different salts. For each salt 
studied, e.g., NaNO3, NaCl, and MgCl2, an increase in solution ionic strength results in aggregation as corrob
orated by a shift to higher MWs. Each salt exhibited distinct effects on EPS aggregation, with NaCl causing the 
least aggregation and MgCl2 the most. These findings highlight the need for multiple techniques when analyzing 
complex polymers such as EPS and the benefits of AF4-MD in elucidating complex polymer behaviors in different 
ionic environments.

1. Introduction

Complex hydrocolloid biopolymers are ubiquitous in nature; how
ever, our understanding of their ecological and biological significance 
remains incomplete due to the inherent difficulties in characterizing 
their molecular properties. These biopolymers often display a wide 
distribution of variable, high molecular weight (MW) species, form ag
gregates, and have highly heterogeneous chemical compositions, all of 
which complicate characterization [1,2]. Nonetheless, the physical, 
structural, and chemical properties of these biopolymers directly influ
ence their function and performance, making detailed knowledge of 
their molecular properties essential to understanding their fundamental 
significance and potential uses. For example, variations in MW have 
been linked to differences in bioactivities and biological functions, as 

well as to the structure, rheology, and viscosity of the polymers [3,4]. 
Environmental factors, such as salt concentration and ionic composition, 
can also significantly impact polymer attributes by altering tertiary and 
quaternary structures (e.g., through aggregate formation). Thus, 
ecologically relevant analysis conditions are crucial for elucidating 
native structures but can also further complicate characterization. 
Advancing our understanding of polymer structure via aggregation 
studies at different ionic strengths and investigating the effect of 
monovalent and divalent salts can enhance extraction strategies and 
inform commercial applications.

A key example of an aqueous naturally occurring complex hydro
colloid biopolymer is extracellular polymeric substances (EPS), which 
are heterogeneous and high MW mixtures composed primarily of poly
saccharides and proteins, with smaller contributions from lipids and 
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nucleic acids [5]. Secreted by algae or bacteria into their environment, 
EPS provides essential biological functions to the microorganism, such 
as feeding the microbiome, facilitating biofilm formation, and protect
ing against environmental stress, all of which significantly impact pond 
ecology [5,6]. To better understand these functions, it is important to 
first probe their structures, specifically aggregation behavior, within 
native environmental contexts. Of particular interest are the varying 
ionic environments that EPS are exposed to due to evaporation.

However as with many environmental samples, EPS is highly com
plex which poses significant challenges for characterization. This 
complexity arises not only from their heterogenous chemical composi
tion but also from their dynamic behavior in response to environmental 
factors such as ionic strength and salt composition [7]. Additionally, EPS 
is generally more complex than isolated or synthetic biopolymers due to 
their dynamic origins, diverse microbial sources, and constant exposure 
to fluctuating environmental conditions [8]. Highly complex samples 
result in highly complex analyses and interpretations, where over
lapping signals and aggregation behaviors can obscure meaningful in
sights [8]. To date, the analyses of EPS have not fully captured the 
inherent complexity of the sample, resulting in oversimplified un
derstandings and generalized structure-function models [5,9].

Despite the recognized importance of EPS in microorganism culti
vation and the influence of MW on polymer attributes, current bulk 
characterization methods leave unresolved questions about their precise 
compositions and MW populations [4,10,11]. Bulk characterization 
methods yield average values for the property that is measured and do 
not provide information about subpopulations, particularly those pre
sent in low amounts.

Separation techniques are one approach to reduce the complexity of 
a sample. Size-exclusion chromatography (SEC) and asymmetrical flow 
field-flow fractionation (AF4) are among the most effective analytical 
techniques for determining the MWs of biopolymers [12]. Both AF4 and 
SEC are capable of producing fractions that are enriched in different size 
components. Similarly, they can both be coupled with online detectors 
to gather information on molecular properties like MW, hydrodynamic 
radius, root mean square radius, and viscosity, or offline detectors for 
information on chemical composition like monosaccharides and amino 
acids, all of which influence the properties important for end-use ap
plications [13,14]. Moreover, multiple online detectors can be used to 
provide simultaneous measurements of different structural and 
compositional parameters across eluting fractions, enabling a more 
holistic understanding of the sample properties. SEC, however, may 
experience limitations in the characterization of polymers with MWs 
higher than 107 Da due to shear degradation of the polymer as it passes 
through the interstices of the column packing material [15]. This sub
sequently leads to an underestimation of average MWs or high MW 
fractions that are unaccounted for. Additionally, the presence of packing 
material limits the composition of the mobile phase and provides ave
nues for non-ideal behaviors such as polymer anchoring or ionic in
teractions [16]. AF4 offers an alternative to SEC analysis without the 
associated limitations arising from the presence of packing material, 
allowing for a large dynamic range from ~1 nm to ~1 μm for normal 
mode separations [17]. Additionally, AF4 offers more flexibility in the 
choice of carrier fluids, allowing for studies that investigate polymer 
separation and aggregation behaviors in solutions with varying ionic 
strengths [2,18]. The separation mechanism for AF4 has previously been 
thoroughly described [2,19] and is based on differences in diffusion 
coefficients of the polymers, each polymer’s resulting average location 
in a parabolic flow profile, and the elution of small polymers first.

Effective separation of complex natural polysaccharides, including 
alginates [20], beta-glucans [21,22], dextrans [23,24], and bacterial 
exopolysaccharides [20,25–27], has been demonstrated using AF4. 
Furthermore, important insights into the formation and dissociation of 
biological aggregates have been reported using AF4 with multiangle 
light scattering and differential refractive index (MALS-dRI) detectors 
[28]. However, only a few studies have explored separations of 

biopolymers under environmentally relevant conditions or examined 
the effects of salt composition and ionic strength on separation in AF4, 
with existing research largely confined to idealized systems and stan
dards [29,30]. This gap is partly due to the challenges associated with 
hydrocolloid behavior in high (> 0.1 M) ionic strength solutions, which 
can reduce the electrical double layer thickness and increase non-ideal 
interactions between the analyte and the separation surface, e.g., col
umn packing material in SEC and membrane wall in AF4 [31]. Although 
non-ideal interactions like analyte-membrane adsorption have been 
demonstrated using polystyrene latex standards it is unclear how com
plex polymers like EPS, with their heterogenous charge distributions, 
will behave in the presence of different salt compositions and concen
trations both from a structural standpoint (aggregation) and elution 
profile [30,31].

This work investigates the physical and chemical properties of EPS 
produced by Chlorella vulgaris. Although the molecular properties and 
cell biology of the algal biomass of this extensively studied freshwater 
alga are well understood, questions remain about the secreted EPS. 
Existing literature on the characterization of Chlorella EPS has reported a 
monomodal MW distribution ranging from 1.9 × 104 to 8.4 × 105 Da as 
measured by SEC [32–35]. However, complementary analyses such as 
scanning electron microscopy indicate highly amorphous morphology 
patterns suggesting the presence of additional MW populations, poten
tially consisting of higher MW components [33]. Previous work has 
emphasized the chemical properties of the bulk polymer using tech
niques such as HPLC, GC, TLC, or colorimetric assays [13,36–38]. While 
the composition of Chlorella EPS has been reported to be mainly 
composed of galactose, arabinose, and rhamnose [35], there is little 
knowledge about protein components, nor is it clear whether the known 
bulk composition represents a single polymeric population or multiple 
populations of varying size, and composition. Compositional analysis of 
different AF4 size-based fractions may indicate if EPS is composed of 
multiple distinct polymers, as well as identify additional MW pop
ulations not previously recognized by SEC. Studying freshwater Chlorella 
allows us to examine the effects of salts on complex biopolymers at 
ecologically relevant salt concentrations and is a step towards under
standing the separation and aggregation behavior of analytes at very 
high ionic strengths (e.g., marine environments), thereby laying a strong 
foundation for understanding EPS and other complex biopolymer 
behavior in native conditions.

The goal of this work was to optimize multi-detector AF4 and offline 
analyses of AF4 fractions with HPAEC and HILIC-MS for (1) elucidating 
the physical attributes and chemical composition of complex bio
polymers through size-based separation followed by chemical analyses 
of MW-differentiated fractions and (2) investigating the change in AF4 
separation and the formation of aggregates in response to different salt 
compositions. Through developing this multifaceted separations and 
analyses for algal EPS, this work aims to lay the groundwork for future 
functional assessments of complex hydrocolloid polymers in their native 
environments.

2. Methods

2.1. Reagents

Sodium azide (NaN3) and sodium nitrate (NaNO3) are purchased 
from Sigma Aldrich (St. Louis, MO). Sodium chloride (NaCl), and 
magnesium chloride (MgCl2) are purchased from Fischer Scientific (Fair 
Lawn, NJ). Bovine serum albumin (monomer) is purchased from Sigma 
Aldrich (St. Louis, MO).

2.2. Cultures

Chlorella vulgaris (UTEX 395) were inoculated from 1.5 % agar 
growth medium plates and progressively scaled up into 2 L glass Roux 
bottles with 24-hour LED light exposure grown in Simulated Algal 
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Growth Environment (SAGE) photobioreactors. Roux bottles were 
aerated at a rate of 200 mL / minute of 1 % CO2 mixed with filtered air. 
Cultures were grown in a modified Bold’s Basal Medium (BBM) media 
(10 mM NaNO₃, 170 μM CaCl₂⋅2H₂O, 304 μM MgSO₄⋅7H₂O, 431 μM 
K₂HPO₄, 1.3 mM KH₂PO₄, 428 μM NaCl, 89.2 μM Na₂EDTA⋅2H₂O, 3.22 
μM FeCl₃⋅6H₂O, 7.28 μM MnCl₂⋅4H₂O, 30.7 μM ZnSO₄⋅7H₂O, 50.4 nM 
CoCl₂⋅6H₂O, 4.93 μM Na₂MoO₄⋅2H₂O, 6.89 μM CuSO₄⋅5H₂O, 184 μM 
H₃BO₃) until stationary phase was reached (OD > 3), followed by harvest 
and EPS isolation.

2.3. . Extracellular polymeric substances isolation

During harvesting, cultures were centrifuged at 4800g at ambient 
temperature for 20 min. The cell-free supernatant containing EPS was 
decanted and the pelleted cells were discarded. The supernatant was 
then filtered using a 0.2 μm PES vacuum filter. The filtered supernatant 
was then freeze-dried, dialyzed against DI water using a 3500 MWCO 
cassette (Slide-A-Lyzer, Thermo Scientific, Waltham, MA), and freeze- 
dried a second time to yield the final isolated EPS.

2.4. AF4 carrier fluid and sample preparation

All AF4 carrier fluids were prepared daily using ultra-pure 18.2 MΩ 
water (APS Filtration AquaMax Ultra, Van Nuys, CA). Carrier fluids were 
prepared at 0.01 M, 0.02 M, 0.05 M, 0.075 M, and 0.10 M concentrations 
for three different salts (NaCl, NaNO3, and MgCl2). Each solution was 
supplemented with 0.02 % w/v NaN3 to prohibit bacterial growth. 
Standards were prepared using 8 mg/mL BSA (monomer) in the 
respective carrier fluid being used. The pH of all solutions was main
tained at 7. Samples of C. vulgaris EPS were prepared at 6 mg/mL, 8 mg/ 
mL, and 10 mg/mL to determine the optimal concentration for detection 
by multiple detectors across the ~103 through 109 Da molecular weight 
range. It was determined that 8 mg/mL of EPS was the best concentra
tion and thus used in all studies.

2.5. AF4 with online detection UV, MALS, and dRI

An AF2000 system (Postnova Analytics,Salt Lake City, UT) was 
coupled with online UV/Vis (UV) SPD-20A detector at 280 nm (Shi
madzu, Kyoto, Japan), a DAWN HELEOS II multi-angle light scattering 
(MALS) detector (Waters|Wyatt Technology, Santa Barbara, CA) and a 
T-rEX differential refractive index (dRI) detector (Waters|Wyatt Tech
nology, Santa Barbara, CA). The refractive index increment (dn/dc) was 
determined for the bulk EPS in each carrier fluid composition at 0.01 M 
and 0.10 M concentrations. The dn/dc values ranged between 0.1290 – 
0.1300. The sample accumulation wall in the AF4 channel was a 5 kDa 
molecular weight cut-off regenerated cellulose membrane (Microdyn 
Nadir, Wiesbaden, Germany). The channel was created using a 350 μm 
thick Mylar spacer that was 27.5 cm in tip-to-outlet length with a 
maximum width of 2 cm narrowing to 0.5 cm. Carrier fluids were 
filtered using a 0.1 μm inline filter (Merck Millipore Ltd, Ireland) that 
was placed between the HPLC pump and the AF4 channel. The sample 
injection volume was 60 μL. A focusing time of 5 min was used with an 
inlet flow rate of 0.3 mL/min and a focusing flow rate of 1.5 mL/minute. 
During separation, the crossflow rate was held isocratically at 1.5 mL/ 
min for three minutes, followed by an exponential decay from 1.5 mL/ 
min to 0.1 mL/min over 15 min (exponent 0.2), and an additional 
exponential decay step from 0.1 mL/min to 0 mL/min over 5 min 
(exponent 0.8). Following, the crossflow rate was held at 0 mL/min for 
10 min to ensure complete elution. The outlet flow was constant at 0.7 
mL/min. MW and other molecular parameters were calculated on Astra 
7 software (Waters|Wyatt Technology, Santa Barbara, CA) using the 
Berry method. The percent sample recovery was calculated by 
comparing the area under the curve (AUC) of the dRI concentration 
detector signal from an AF4 run with an applied crossflow field to a 
bypass run without a crossflow field. Sample recovery was calculated as 

AUC with field divided by AUC without field.

2.6. Zeta potential

Zeta potential measurements were performed using a Malvern 
Zetasizer (Worcestershire, UK) on the bulk EPS sample. Measurements 
were made for 0.01 M and 0.10 M of each salt (NaCl, NaNO3, MgCl2), 
and in water at a pH of 7.

2.7. Batch dynamic light scattering (DLS)

The hydrodynamic radius was measured using a DAWN HELEOS II 
dynamic light scattering (DLS) detector (Waters|Wyatt Technology, 
Santa Barbara, CA). Batch measurements were made for the batch 
polymer in each salt composition at 0.01 M and 0.10 M concentrations. 
Regularization was completed using Astra 7 software.

2.8. Monosaccharide analysis

The carbohydrate content for the whole biomass, as well as the two 
fractions collected after AF4 was determined using a 2-step sulfuric acid 
hydrolysis. The first step consisted of heating the samples, between 5–25 
mg, at 30 ◦C for 1 hr in 72 % sulfuric acid (w/w), followed by a second 
step at 121 ◦C in 4 % sulfuric acid (w/w) in an autoclave for 1 h. The 
resulting hydrolysates were filtered through 0.2 µm Nylon filters (VWR, 
#28,144–592) and diluted as necessary. The monomeric sugars released 
during the hydrolysis were separated and quantified using a Dionex ICS- 
5000+ high-performance anion exchange chromatography (HPAEC) 
equipped with pulsed amperometric detection (PAD), a guard column 
(Dionex #043,096) and an anion exchange column (PA-1 column 
(Dionex #035,391) [39]. Detector compartments were set to 35 ◦C and 
the eluent profile was applied as follow: 10 min at 1 mL/min with 0.200 
M NaOH, 30 min at 0.014 M NaOH for equilibration purposes, and 20 
min at 0.014 M NaOH to elute the monomers. Finally, Waveform A, as 
previously described [40], was used to quantify the sugars. Standards 
consisted of the following monomers purchased from Sigma-Aldrich: 
mannitol (M4125), fucose (F8150), rhamnose (R3875), galactosamine 
(G0500), arabinose (A3131), glucosamine (G4875), galactose (G0750), 
glucose (G7528), xylose (X3877), mannose (63,579), and ribose 
(R7500).

2.9. Amino acid analysis

The total amino acid composition of the samples was determined 
after hydrolysis for 24 h with 6 N HCl at 110 ◦C. During acid hydrolysis, 
glutamine (Gln) and asparagine (Asn) are converted to glutamic acid 
(Glu) and aspartic acid (Asp) respectively. An aliquot of the hydrolysate 
was diluted 20-fold in 75 % acetonitrile and then analyzed for amino 
acids using hydrophilic interaction liquid chromatography-mass spec
trometry (HILIC-MS) as previously described [41]. A BEH Amide column 
(1.7 µm, 2.1 mm X 150 mm, ACQUITY Premier BEH Amide, Waters 
Corporation, Milford, MA) was used with gradient elution. Solvent A 
comprised of 0.02 M ammonium acetate and 0.015 M ammonium hy
droxide in 97 % 18.2 mΩ water and 3 % acetonitrile whereas solvent B 
comprised of 0.02 M ammonium acetate and 0.015 M ammonium hy
droxide in 95 % acetonitrile and 5 % 18.2 mΩ water. All the chemicals 
used were LC-MS grade. The chromatography method used a constant 
flow rate of 0.2 mL/min and a linear gradient to enable separation of a 
wide range of metabolites followed by a column regeneration step as 
follows: 90 % solvent B for 1 min followed by a linear gradient down to 
75 % solvent B for 23 min, a linear gradient down to 45 % solvent B in 2 
min, a linear gradient down to 25 % B in 4 min, followed by a step to the 
starting composition of 90 % B and hold for 6 min for column regen
eration for a total run time of 36 min. The column temperature was 
maintained at 25 ◦C and the injection volume was 20 µL. Data were 
collected using a Thermo Scientific Q-Exactive mass spectrometer 
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(Rockford, USA) in negative ion mode. The scan ranged from 60 to 900 
m/z with a resolution of 140,000. The amino acids were identified based 
on MS1 spectra and retention time of the external amino acid standard 
mix (Agilent, Santa Clara, CA P/N: 5061). Less than a 30 s retention time 
shift was observed between standards and samples peak elution which 
was attributed to differences in pH between the analytical standards and 
sample solutions. Manual integration for peak areas were done and data 
were reported as a relative percent of the sample mass rather than ab
solute quantitation.

2.10. . Ash free dry weight

Percent solids and ash were quantified for the bulk EPS sample as 
follows: 20–30 mg of sample was weighed into a pre-ashed, cooled, and 
weighed crucible and dried under vacuum at 40 ◦C for at least 48 hrs. 
The dry weight of the biomass and crucible was recorded to determine 
percent solids. The dry biomass and crucible were then dry combusted 
using a previously described [42] ramping oven temperature profile, 
with a maximum temperature reaching 575 ◦C.

3. Results and discussion

3.1. AF4 optimization

All compositional analyses relied on the initial separation of EPS by 
MW thus necessitating the optimization of the AF4 separation process. 
Optimization efforts focused on identifying flow rates capable of 
addressing a potentially high polydispersity sample and achieving us
able MALS signal intensity among all detectors. An additional challenge 
resulting from a large MW range sample was the potential differences in 
sample recovery between the low and high MW polymers. High cross
flow rates led to smaller mean layer thicknesses resulting in analytes 
residing closer to the membrane [43]. While lower MW analytes were 
less affected, the large MW polymers experienced adsorption to the 
membrane at high crossflow rates leading to a lower sample recovery. 
Consequently, a two-step exponentially decaying crossflow rate was 
developed starting at 1.5 mL/min and eventually decaying to 0 mL/min 
as described in Section 2.5. Three distinct peaks are elucidated, which 
allows for the collection of two fractions as depicted in Fig. 1. Fraction 1 
(F1) is comprised of low MW polymers (peak 1), whereas fraction 2 (F2) 
is comprised of high MW polymers (peaks 2 and 3). Using the method 
described, sample recoveries are high (>90 %). The optimized AF4 

method was further tested on EPS isolated from different algal sources, 
in which the method proved to be agnostic (data not shown).

Balancing MALS signal intensity between the low MW and high MW 
materials also posed a challenge as the intensity of scattered light is 
proportional to the radius of the analyte to the sixth power, resulting in 
low intensities for the low MW polymers and off-scale signals for the 
larger, high MW polymers [44,45]. Sample concentrations between 6 – 
10 mg/mL yielded the desired signal intensities across the wide MW 
range (Figure S1) and 8 mg/mL was chosen for subsequent experiments.

3.2. Physical properties of C. vulgaris EPS

3.2.1. Molecular weight from AF4-MALS-UV-dRI
AF4 with online MALS-UV-dRI in a carrier fluid composed of 0.01 M 

NaNO3 was used to determine the MW of EPS. The fractogram including 
all detector traces and MWs calculated using MALS with dRI as the 
concentration source is shown in Fig. 1. Three distinct regions are 
observed with MW ranges of 40 – 300 kDa, 5 – 150 MDa, and 170 – 450 
MDa in peaks 1, 2, and 3 (P1, P2, P3, respectively). This finding dem
onstrates that EPS is not monomodal and MWs are significantly higher 
than ~8.4 × 105 Da as previously reported based on SEC measurements 
[35]. Recognizing the presence of such high MW polymers is important 
to understanding rheological properties and consequently processing 
conditions of end products that contain C. vulgaris EPS. The dRI detector 
served as an absolute concentration detector and showed that P1, 
comprised of low MW polymers, is significantly more abundant than the 
higher MW polymers (P2 and P3). Data were also collected using a 
UV280nm detector for protein-like material. When comparing the relative 
signal intensities of the UV and dRI detectors it is apparent that the high 
MW polymers have a larger protein-to-polysaccharide ratio than the 
lower MW polymers thus reflecting compositional differences among the 
two MW sub-populations. The co-elution of protein-like material and 
polysaccharides observed by overlapping dRI and UV detector traces 
may indicate that the proteins and polysaccharides are bound either 
covalently as glycoproteins or co-exist as heteropolymers through ionic 
interactions [46].

The dn/dc value (0.1300) used to calculate MWs was determined 
from the bulk EPS. The potential impact of variations in the refractive 
index increment (dn/dc) on the reported MW due to composition vari
ation in the eluting components was considered. To assess, dn/dc values 
are varied between 0.1200 and 0.1800 (corresponding to the lower limit 
of 100 % polysaccharides and 100 % protein, respectively [47,48]). 
Polysaccharides and proteins comprise the majority of C. vulgaris EPS 
[35]. Lipids may also be present and their refractive index of 0.1300 - 
0.1400 falls within the selected dn/dc range [49,50]. Up to a 15 % 
variation in MW is observed, as summarized in Table S1. This possible 
variation in MW does not affect the reported trends and conclusions of 
this work.

3.2.2. Surface charge from zeta potential
It is important to track the average charge of dissolved polymers to 

gain an understanding of their elution patterns and aggregation 
behavior when exposed to different ionic environments. The zeta po
tential can provide insight into changes in electrostatic repulsion be
tween EPS polymers as it reflects changes in double layer compression. 
At higher salt concentrations, the zeta potential decreases, resulting in a 
reduction in the thickness of the electrical double layer, leading to 
weaker repulsive forces and increased aggregation tendency [51]. The 
surface of EPS from C. vulgaris has been reported to have negatively 
charged functional groups allowing for adsorption of cations in solution 
[52].

Zeta potential measurements were performed on the bulk EPS at both 
low (0.01 M) and high (0.10 M) concentrations of monovalent NaCl and 
NaNO3 as well as divalent MgCl2. Fig. 2 illustrates that the EPS exhibits 
the most negative zeta potential (− 35 mV) at a concentration of 0.01 M 
of the monovalent salts, which is in good agreement with previously 

Fig. 1. Overlaid MALS, dRI, and UV fractograms of C. vulgaris EPS in 0.01 M 
NaNO3. Peaks are highlighted in grey. Fractions were collected whereby frac
tion 1 is composed of peak 1 and fraction 2 is composed of peaks 2 and 3. 
Detector traces and molecular weight are plotted as averages of technical 
triplicates.
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reported values [52]. At 0.10 M, the zeta potential is less negative (− 20 
mV), signifying reduced double layer, and a greater propensity to form 
aggregates [29]. A similar trend is observed with divalent MgCl2, with 
the zeta potential at 0.01 M being less negative at − 18 mV compared to 
− 10 mV at 0.10 M. The reduced zeta potential for Chlorella EPS sus
pended in divalent salts compared to monovalent salts presents new 
findings that may indicate Mg2+ induces bridging, which has been re
ported for other microalgal EPS [51,53].

3.2.3. Average size from batch DLS
Batch DLS was used to measure the hydrodynamic radius (Rh) of the 

bulk EPS polymers suspended in 0.01 M NaCl, NaNO3, MgCl2 and 0.10 M 
NaCl, NaNO3, and MgCl2. Previous work has reported increasing Rh of 
Chlorella EPS with increasing cation concentration [52]. The average Rh 
of the EPS in all solutions is reported in Table 1. The results agree with 
literature but demonstrate for the salts tested, valency of the salt has a 
larger impact on hydrodynamic size than salt concentration. It is noted 
that the EPS in MgCl2 at both low and high salt concentrations is 
significantly larger than the EPS in NaCl and NaNO3, indicating the 
potential formation of polymer-polymer aggregates due to bridging 
through Mg2+ [54,55].

As the DLS measurements only reflect the average value of the 
polymers size, regularization techniques were applied to the data to 
investigate the sample polydispersity. Regularization revealed two size 
populations, one more abundant population between ~3 to 10 nm in 
size, and a second, less abundant population between 30 and 100 nm in 
size (Figure S2). These DLS results are consistent with the MALS MW 
results shown in Table 2 whereby polymers with MWs in the kDa and 
MDa regions are observed.

3.3. Chemical components of C. vulgaris EPS (bulk and fractions)

To probe compositional differences and potential correlations be
tween composition and MW, AF4 fractions were collected for offline 
analysis. While three distinct MW regions are observed in the fractogram 

in Fig. 1, peaks 2 and 3 were collected as a single fraction (F2) to ensure 
there was sufficient sample for subsequent analyses.

Previous studies have characterized the bulk composition of Chlorella 
vulgaris EPS, identifying galactose, arabinose, and rhamnose as the main 
sugar components [35]. However, information on specific amino acid 
constituents remains limited. With the newly identified larger molecular 
weight population, it remains unclear whether all size populations share 
the same chemical composition or exhibit compositional differences 
indicating the presence of more than one heteropolymer.

3.3.1. Monosaccharides
Similar to the physical properties of EPS, the chemical constituents 

can largely dictate the function of the polymer. For example, mono
saccharides such as mannose and xylose have high gelling potential 
which contribute to the structure and rheology of the polymer [56]. 
Identifying the chemical composition of polysaccharides in EPS is 
challenging due to the absence of defined repeat units. As a result, our 
analysis focused on the monosaccharide constituents, which are easier 
to characterize and provide clearer insights into composition.

The HPAEC results presented in Fig. 3 are normalized to the sum of 
the quantified monosaccharides for each fraction, providing relative 
mass distribution of the monosaccharides. The primary mono
saccharides identified in the bulk EPS are galactose, followed by 
mannose, and rhamnose. This monosaccharide profile aligns with pre
viously published chemical characterizations of C. vulgaris EPS [13]. The 
total monosaccharide content accounted for approximately 35 % of the 

Fig. 2. Triplicate-averaged zeta potential for the bulk EPS in different carrier 
fluid compositions.

Table 1 
Average hydrodynamic radii of EPS polymers in different 
carrier fluids as measured by DLS.

Carrier Fluid Average Rh (nm)

0.01 M NaNO3 43.2 ± 0.6
0.01 M NaCl 40.2 ± 0.9
0.01 M MgCl2 77.4 ± 0.4
0.10 M NaNO3 52.0 ± 0.9
0.10 M NaCl 47.0 ± 0.9
0.10 M MgCl2 81.7 ± 0.3

Table 2 
The weight-averaged molecular weights of polymers found in Fractions 1 and 2 
measured in different carrier fluid salts. Error bars represent the standard de
viation between triplicate data points.

NaNO3 NaCl MgCl2

Conc 
(M)

Fraction 
1 (×105 

Da)

Fraction 
2 (×108 

Da)

Fraction 
1 (×105 

Da)

Fraction 
2 (×108 

Da)

Fraction 
1 (×105 

Da)

Fraction 
2 (×108 

Da)

0.01 2.2 ±
0.6

1.9 ±
0.4

2.5 ±
0.3

1.14 ±
0.07

4.3 ±
0.5

2.3 ±
0.3

0.02 3.1 ±
0.3

2.2 ±
0.1

2.8 ±
0.1

1.4 ±
0.3

11 ± 2 2.4 ±
0.2

0.05 4.7 ±
0.7

3.2 ±
0.3

3.7 ±
0.3

1.6 ±
0.2

15 ± 1 4.3 ±
0.2

0.075 5.7 ±
0.3

3.4 ±
0.4

4.4 ±
0.1

1.82 ±
0.05

16.9 ±
0.4

1.9 ±
0.9

0.10 5.8 ±
0.5

3.9 ±
0.3

6.8 ±
0.9

1.9 ±
0.2

n/a n/a

Fig. 3. The monosaccharide profile of the EPS of C. vulgaris as measured by 
HPAEC-PAD. All results are shown as technical triplicates.
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entire sample, highlighting the significant presence of carbohydrates.
Comparing the two fractions, it is evident that the chemical 

composition, specifically the monosaccharide profile, is different be
tween the low and high MW EPS polymers. Fraction 1 exhibits a similar 
profile to that of the bulk EPS as shown in Fig. 3. However, F2 displays a 
different composition, with mannose being the most abundant mono
saccharide, followed by glucose and galactose. This previously unre
ported difference in monosaccharide profiles between fractions 
demonstrates heterogeneity among MW regions and confirms that the 
high MW F2 is compositionally different from the low MW polymers 
present in F1.

As compositionally distinct polymers, they may provide different 
biological functions. While additional experiments will be required to 
assign their biological functions, different monosaccharides present in 
EPS have already been associated with different roles. Galactose, for 
example, the most abundant monosaccharide in the small MW fraction, 
has been hypothesized to contribute to maintaining the stationary 
growth phase of the cultures [5]. Additionally, rhamnose has been 
associated with flocculation [32]. Mannose, the most abundant mono
saccharide in the large MW fraction has been associated with the 
complexation of heavy metals [32]. The large contribution of bioavail
able monosaccharides such as glucose and mannose in F2 represents a 
microbially digestible biopolymer [57,58].

3.3.2. Amino acids
The EPS of C. vulgaris was analyzed for amino acids both in the bulk 

sample and as AF4 fractions using HILIC-MS. Fig. 4 reports values 
normalized to the sum of the total quantified amino acids for each 
sample. The bulk EPS is predominantly aspartic acid (Asp), followed by 
glutamic acid (Glu), pyroglutamic acid (pGlu), alanine (Ala), and argi
nine (Arg). Notable differences were observed among the amino acid 
profiles of the fractions. Fraction 1 exhibits a composition more akin to 
the bulk, with Glu, Asp, pGlu, and threonine (Thr) being the predomi
nant amino acids. In contrast, F2 displays a different distribution, with 
serine (Ser) being the major constituent amino acid.

These data further confirm that F1 and F2 are composed of chemi
cally distinct polymers. The distribution of proteins to polysaccharides 
(observed by comparing dRI and UV280nm traces) indicates that F2 may 
have a larger protein-to-polysaccharide ratio compared to F1, further 
solidifying differences among the polymer sub-populations. Extending 
amino acid analysis to proteomics could not be done due to limited 
material in EPS fractions.

Although it was previously understood that proteins and poly
saccharides are the major constituents of Chlorella EPS, it was not clear 

that more than one heteropolymer existed. These newly identified 
compositional differences among the MW-based fractions suggest that 
EPS from C. vulgaris consists of at least two distinct heteropolymer 
populations. The methods presented here have yielded new insights and 
establish the analytical groundwork for future investigations into the 
biological significance, specific roles, and potential applications of these 
distinct heteropolymer populations present in the EPS.

3.4. Effect of carrier fluid ionic environment on polymer aggregation

The open channel design in AF4 offers an opportunity to test the 
impact of variations in the carrier fluid chemical and ionic environments 
on the elution and physical properties of the polymers analyzed. How
ever, the need for good recovery of the sample along with the prevention 
of solvent-induced aggregation, must be considered in the experimental 
design [31]. Biological samples in AF4 studies are typically analyzed in 
solutions with low salt concentration, often containing 0.01 – 0.02 M 
NaNO3. This choice controls the Debye length, allowing for adequate 
charge shielding between the analyte and the membrane without the 
collapse of the electrical double layer [59–61].

Furthermore, EPS polymers, being highly charged and flexible, may 
not exhibit native conformations or supramolecular structures when 
analyzed at low (non-native) ionic strengths. Understanding the effects 
of salt composition and concentration on EPS aggregation and the AF4 
elution behavior is important for informing end-use applications. Three 
salts representing one that is often used in AF4 (NaNO3), one that is 
present in C. vulgaris native environment (NaCl), and one divalent 
(MgCl2) are used in different concentrations as carrier liquids.

3.4.1. EPS in NaNO3
To investigate the impact of ionic strength of a monovalent salt on 

polymer aggregation, the sample suspension and AF4 carrier liquids had 
varying concentrations (0.01, 0.02, 0.05, 0.075, and 0.10 M) of NaNO3. 
Figs. 5a- c show superimposed absolute detector (dRI, UV, and MALS) 
signals and the measured MWs of EPS. The fractograms highlight mul
tiple subpopulations within the EPS. Consistent with Fig. 1, three 
distinct regions are observed with MW ranges of 40–300 kDa between 6 
– 14 min (low MW polymers), 5–150 MDa between 22 – 28 min, and 
170–450 MDa between 28 – 35 min (the latter two are termed high MW 
polymers).

Changes in NaNO3 concentration alter the elution profiles of these 
polymers. At 0.01 M NaNO3, the dRI signal for the low MW polymers 
exhibits two peak maxima (Fig. 5a). However, at 0.05 M and 0.10 M 
NaNO3, the signal shows a single peak maximum accompanied by a 
shoulder preceding the peak. In contrast, the UV signals (Fig. 5b) 
consistently show two peak maxima and peak tailing across all con
centrations. The later eluting UV peak maximum at ~9 min becomes 
increasingly pronounced as the salt concentration rises. The MW trace 
for the low MW polymers is difficult to interpret due to overlapping 
signals. However, Table 2 shows the Astra-calculated weight-averaged 
MWs increase with increasing salt concentration. This increase in MW 
suggests that the changes in elution profiles with higher ionic strengths 
is due to an increase in aggregation of the low MW polymers.

The dRI, UV, and MALS fractograms of the high MW polymers also 
exhibit changes with differing salt concentrations. In this study, an in
crease in NaNO3 concentration leads to a decrease in signal intensity 
between 23 and 28 min and an increase in peak height around 31 min as 
shown in Figs. 5a- 5c. These changes in elution profiles suggest an 
increased formation of larger species. The MWs measured using MALS- 
dRI are superimposed and show that the larger species formed at 0.05 M 
and 0.10 M NaNO3 are ~200–550 MDa. Table 2 provides additional 
evidence supporting aggregation between the high MW polymers, 
showing that the MW of F2 polymers increase from 190 MDa in 0.01 M 
NaNO3 to 320 MDa in 0.05 M NaNO3 and further to 390 MDa in 0.1 M 
NaNO3.

The bulk DLS results presented in Section 3.2.3 also support the 
Fig. 4. The amino acid profile of the EPS of C. vulgaris as measured by LC-MS 
using a HILIC column. All results are shown as technical triplicates.
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increase in aggregation with increasing salt concentration. Table 1
shows an increase in the average hydrodynamic radius of the bulk EPS 
from 43.2 nm in 0.01 M NaNO3 to 52.0 nm in 0.10 M NaNO3.

The polymers’ tendency to form aggregates with increasing ionic 
strength can be attributed to the rise in the number of counterions in 
solution [62]. As ionic strength increases, electrostatic screening be
comes more effective, reducing repulsive interactions between polymers 
and allowing attractive dispersion forces to dominate, ultimately lead
ing to aggregation [28,29]. The zeta potential measurements for EPS in 
0.01 M and 0.10 M NaNO3, presented in Fig. 2, further support this 
explanation of aggregation. At higher salt concentrations, the zeta po
tential becomes less negative, indicating enhanced electrostatic 
shielding.

3.4.2. EPS in NaCl
To investigate the effect of salt composition on EPS aggregation, the 

sample was separated in AF4 carrier fluid of varying concentrations of 
NaCl (0.01, 0.02, 0.05, 0.075, 0.10 M). Sodium chloride was selected 
due to its prevalence in the natural environment of C. vulgaris.

Figs. 6a- c present the dRI, UV, and MALS fractograms, including MW 
traces of EPS separated in 0.01 M, 0.05 M, and 0.10 M NaCl. Four 

distinct regions are observed with MWs from 50 – 500 kDa eluting be
tween 6 – 14 min (low MW polymers), 9 – 90 MDa eluting between 17 – 
22 min, 70 – 110 MDa eluting between 22 – 28 min, and 90 – 500 MDa 
eluting between 28 and 34 min (with the latter three sub-populations 
making up the high MW polymers).

The low MW polymers in NaCl exhibited trends similar to those in 
NaNO3. The dRI traces show one peak maxima at 9 min for all three salt 
concentrations, however, a shoulder preceding the peak at ~7 min is 
present (Fig. 6a). The UV signal intensity between 6 – 8 min decreases 
and is accompanied by an increase in detector response from 8 – 11 min 
with increasing NaCl concentration (Fig. 6b). These elution patterns 
suggest aggregation of the low MW components, which is supported by 
the increasing MW of fraction 1 with increasing salt concentration 
shown in Table 2. The non-monotonic nature of the MW trace of the low 
MW polymers is likely a result of low light scattering intensity as 
pictured in Fig. 6c.

The aggregation behavior of the high MW polymers in NaCl deviated 
significantly when compared to the high MW polymers in NaNO3. An 
additional region of interest is identified eluting from 17 – 22 min, 
where the UV (Fig. 6b) and MALS (Fig. 6c) signal intensity decrease as 
salt concentration increases. Aggregation of the high MW polymers is 

Fig. 5. AF4 elution profiles of samples analyzed under different NaNO3 concentrations (0.01 M, 0.05 M, and 0.10 M). (a) Differential refractive index (dRI), (b) UV 
absorbance at 280 nm, and (c) multiangle light scattering (MALS) were used to monitor the eluent. The MW calculated using MALS-dRI is indicated on the secondary 
y-axis.

Fig. 6. AF4 elution profiles of samples analyzed under different NaCl concentrations (0.01 M, 0.05 M, and 0.10 M). (a) Differential refractive index (dRI), (b) UV 
absorbance at 280 nm, and (c) multiangle light scattering (MALS) were used to monitor the eluent. The MW calculated using MALS-dRI is indicated on the secondary 
y-axis.
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observed with increasing NaCl concentration among all detectors 
through the decrease in the signal intensity between 23 – 27 mins and an 
increase in the height of the peak at ~31 mins. However, this observa
tion is less pronounced compared to the high MW EPS in NaNO3, sug
gesting less aggregation is occurring. The presence of less aggregates is 
supported by lower average MWs in Table 2 and a broader elution 
profile, which includes earlier eluting species compared to the high MW 
polymers in NaNO3.

Differences in elution profiles can arise from non-ideal analyte in
teractions with the membrane, or analyte-analyte interactions forming 
aggregates. Considering the net negative zeta potential of EPS and the 
net negative charge of regenerated cellulose membranes (isoelectric 
point of 3.4) [63], undesired interactions between the EPS and the 
membrane should be minimized. Since the pH, ionic strength, and 
average charge of EPS (Fig. 2) were all consistent between the polymers 
suspended in 0.01 M NaCl and NaNO3, it is unlikely that the analytes 
experienced different retention behavior. The changes in elution pat
terns between EPS in NaNO3 and NaCl are thus more likely a result of 
salt-induced analyte-analyte interactions.

NaCl and NaNO3 differ in their position in the Hofmeister series. The 
Hofmeister series is an order of ions based on their ability to solubilize 
proteins [64]. The series is made up of strongly hydrated ions or kos
motropes and weakly hydrated chaotropes [65,66]. Kosmotropes can 
stabilize native structures through increasing the surface tension of 
water [67]. However, at high salt concentrations, aggregation and 
“salting out” of the analyte occur as the ions become excluded from the 
macromolecular surface [68]. Chaotropes are typically thought to pro
vide a “salting in” effect and prevent aggregation by interacting directly 
with macromolecules, reducing interfacial tension and weakening hy
drophobic interactions [67,69]. However, chaotropes can destabilize 
analytes resulting in aggregation [70]. Although the exact mechanism of 
the specific ion effects observed in the Hofmeister series is still under 
debate, the effects have been commonly observed across a number of 
fields, extending far beyond proteins [66].

Sodium is consistent among the two monovalent salts, but the nitrate 
anion is considered more chaotropic compared to chloride which is 
weakly kosmotropic. The lower degree of aggregation observed among 
the polymers in NaCl rather than the expected “salting out” effect, could 
be a result of kosmotrope-induced stability of the polymer. Oppositely, 
the higher degree of aggregation observed among the polymers in 
NaNO3 may be a result of chaotrope-induced destabilization.

3.4.3. EPS in MgCl2
To investigate the aggregation behavior of EPS suspended in a 

divalent salt the sample was separated in AF4 carrier fluid of varying 
concentrations of MgCl2 (0.01, 0.02, 0.05, 0.075, 0.10 M). All fracto
grams in Fig. 7 show only two distinct regions with MWs from 50 kDa – 1 
MDa that elute between 7 – 15 min (low MW polymers) and 40 – 800 
MDa that elute between 24 – 33 min (high MW polymers).

In 0.01 M MgCl2, the UV trace (Fig. 7b) shows two peak maxima, one 
from 7 – 8 min followed by a higher intensity peak maximum from 8 – 12 
min. With increasing salt concentration, the signal intensity for the 
earlier eluting species decreases, and at 0.10 M MgCl2, the UV trace 
indicates only one peak maximum from 8 – 14 min. The formation of a 
single peak and the shift to a later retention time indicate aggregation or 
analyte-membrane interaction among the low MW polymers. However, 
differentiating between the two is challenging, as the MW of the poly
mers in 0.10 M MgCl2 could not be calculated due to low signal-to-noise 
in the light scattering signal (Fig. 7c) and a reduced dRI signal (Fig. 7a). 
The interpretation is further complicated by the prominent dRI void 
peak observed in 0.10 M MgCl2, which could suggest either a lack of 
retention of the polymers or the formation of ultra-large supramolecular 
aggregates (>~500 nm) that elute in the steric mode.

The MW could be calculated for 0.01 M and 0.05 M MgCl2 (Table 2), 
which shows an increase from 490 kDa to 1.5 MDa, respectively. This 
increase is much larger than that observed for the low MW polymers in 
monovalent salts, indicating that MgCl2 promotes more aggregation. 
This is likely a result of a higher ionic strength leading to more elec
trostatic shielding and Mg2+ bridging, which facilitates the formation of 
larger species [71]. While it is difficult to isolate which factor more 
strongly influences the aggregation of EPS, the observation that MWs 
measured at 0.02 M MgCl2 (0.06 M ionic strength) are an order of 
magnitude higher than those observed in 0.10 M NaCl and NaNO3 (0.10 
M ionic strength) suggests that Mg2+-induced bridging plays a more 
significant role in aggregation than ionic strength alone. The 
non-monotonic MW trace between 7 and 11 min is likely due to low 
signal-to-noise, as shown by the MALS traces in Fig. 7c.

For all concentrations measured, the high MW polymers show a 
narrower elution range consisting of one main peak compared to the 
monovalent salts. Additionally, the calculated MW in 0.01 M MgCl2 is 
greater than the high MW polymers in 0.01 M NaNO3 or NaCl (Table 2). 
This indicates the narrower elution range is a result of an increase in the 
formation of aggregates.

In 0.05 M MgCl2, the UV fractogram (Fig. 7b) shows a shift to later 
retention time accompanied by the highest measured average MW of 
EPS (430 MDa) among all analyzed salt solutions. This suggests the 
formation of larger aggregates, which may result from Mg2⁺ bridging or 
the effects of increased ionic strength. Interestingly, after 0.05 M, the 

Fig. 7. AF4 elution profiles of samples analyzed under different MgCl2 concentrations (0.01 M, 0.05 M, and 0.10 M). (a) Differential refractive index (dRI), (b) UV 
absorbance at 280 nm, and (c) multiangle light scattering (MALS) were used to monitor the eluent. The MW calculated using MALS-dRI is indicated on the secondary 
y-axis.
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MW starts to decrease in 0.075 M to 190 MDa. The dRI and UV trace of 
the polymers in 0.10 M MgCl2, pictured in Figs. 7a and 7b, respectively, 
demonstrates a much lower abundance of high MW polymers and a 
significant shoulder prior to the peak. This observation, in addition to 
the decreasing MW may indicate that in 0.10 M MgCl2, the protein-like 
material within the polymer is experiencing a decrease in aggregation 
and the “salting in” effect as outlined by the Hofmeister series as MgCl2 
is a highly chaotropic salt [64,72,73]. However, the large void peak 
previously discussed and the inability to calculate MW for the high MW 
polymers in 0.10 M MgCl2 make it difficult to confirm whether salting in 
is occurring.

The differences observed between EPS suspended in monovalent and 
divalent salts highlight the critical role of cation valency in driving ag
gregation, with MgCl2 promoting significantly greater aggregation 
compared to the monovalent salts. This work demonstrates that the 
aggregation behavior of both the low and high MW polymers which 
make up C. vulgaris EPS is strongly influenced by salt type and concen
tration. These findings provide a proof of concept, supporting the need 
to expand studies from simplified salt systems to more complex natural 
aquatic environments. Future studies where EPS behavior is investigated 
under native conditions will be essential to fully elucidate their 
structure-function relationships.

4. Conclusion

The focus of this study was to 1) characterize the chemical and 
physical properties of the EPS of C. vulgaris through the use of multiple 
separation techniques, and 2) examine the aggregation patterns of EPS 
upon changing the ionic composition to more closely mimic the native 
environment. Our results revealed distinct size populations present 
within the sample, two of which were high MW (> 106 Da) and had 
previously not been reported for algal EPS. We also observed distinct 
chemical compositions between the two size fractions in NaNO3, indi
cating that the high MW fraction is compositionally unique compared to 
the low MW fraction. While the ecological and biological importance of 
these distinct populations remain to be fully elucidated, we propose that 
their unique molecular weights, sizes, and compositions may be related 
to unique biological functions. Thus, this finding represents a crucial 
step towards accurately assigning these functions and identifying com
ponents responsible for specific roles.

In addition, we investigated the effects of salt concentration and 
composition on the aggregation behavior of EPS. Our findings demon
strate differences among all salts tested, with NaCl promoting the least 
aggregation, followed by NaNO3, and the most aggregation seen in 
MgCl2. Differences in aggregation were attributed to differences in the 
chao/kosmotropicity of the salt, electrostatic screening, and the for
mation of divalent salt bridges. Isolating the individual causes of ag
gregation in environmental hydrocolloids such as EPS is challenging, 
however, simplifying the system with standards may fail to reflect the 
complexity of the EPS studied here. This preliminary investigation into 
the influence of three salts on zeta potential, hydrodynamic radii, MW, 
and aggregation provides key insights into how simple salts interact 
with EPS. A complete understanding of the salt matrix in natural systems 
will require utilizing the analytical tools developed here and integrating 
additional techniques.

This study sheds light on the complexity of algal EPS—including its 
chemical and physical properties and salt interactions—yet further 
research is needed to explore structural features such as polymer 
conformation, the biological importance of distinct fractions, and the 
mechanisms underlying salt-driven effects in protein-polysaccharide 
complexes. The analytical groundwork presented here provides a 
foundation for addressing these questions and advancing future studies.
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