
Contents lists available at ScienceDirect

Polymer Degradation and Stability

journal homepage: www.elsevier.com/locate/polydegstab

Investigating extracellular polymeric substances from microbial mat upon
exposure to sunlight

Mashura Shammia,b,f, Xiangliang Pana,e,∗, Khan M.G. Mostofac,∗∗, Daoyong Zhanga,
Cong-Qiang Liud, Wenjuan Songa

a Laboratory of Bioremediation, Department of Environmental Pollution and Process Control, Xinjiang Institute of Ecology and Geography, Chinese Academy of Sciences,
Urumqi 830011, Xinjiang, PR China
b Department of Environmental Sciences, Jahangirnagar University, Dhaka 1342, Bangladesh
c Institute of Surface-Earth System Science, Tianjin University, 92 Weijin Road, Nankai District, Tianjin 300072, PR China
d State Key Laboratory of Environmental Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang 550002, Guizhou, PR China
e College of Environment, Zhejiang University of Technology, Hangzhou 310014, Zhejiang, PR China
f University of Chinese Academy of Sciences, Beijing 100049, PR China

A R T I C L E I N F O

Keywords:
Microbial mat
Extracellular polymeric substance (EPS)
Photodegradation
Dissolved organic carbon (DOC)
Excitation-emission matrix (EEM) spectroscopy
Parallel factor (PARAFAC) modelling

A B S T R A C T

Microbial mat extracellular polymeric substances (EPS) and their fate and transformation in natural waters are
unidentified under diurnal condition. EPS from highly saline arid origins were characterised and exposed to
natural sunlight conditions to identify its physico-chemical changes over 72 h. Fourier Transform Infrared
Spectroscopy (FTIR) and potentiometric titration analyses confirmed the presence of −COOH and –OH func-
tional groups in raw EPS. In addition, size exclusion chromatography (SEC) confirmed the presence of two
proteins-sized molecules in the original EPS which were found to degrade upon sunlight exposure. The excita-
tion-emission matrix (EEM) and parallel factor (EEM-PARAFAC) identified two fluorescent components: A
combined humic-like and protein-like component, and an individual tyrosine-like component. FTIR in irradiated
samples confirmed degradation of EPS by showing presence of the −CH3 group at 1377 cm−1. Two proteins-
sized molecules identified in SEC were degraded, thereby causing to significant changes in the pH and redox
potential (Eh). Correspondingly, three fluorescent components were identified in irradiated samples using EEM-
PARAFAC modelling and found to change in their fluorescence intensities upon sunlight exposure. It is therefore
suggested that photochemical processes are important for sequential transformation of EPS into various organic
substances in surface waters.

1. Introduction

Bacterial biofilms are formed by communities that are embedded in
a self-produced matrix of extracellular polymeric substances (EPS).
Importantly, bacteria in biofilms exhibit a set of prominent properties
that differ substantially from free-living bacterial cells [1]. Biofilm
microbial communities of microbial cells provide protective environ-
ments for the cells that inhabit the biofilm, enabling them to respond
efficiently to the environmental challenges [2]. Microbial mats, on the
other hand, are structured, small-scale microbial ecosystems, and si-
milar as biofilms cover a substratum like a tissue [3]. Microbial mats,
on the other hands, are vertically stratified communities that host a
complex consortium of microorganisms, dominated by cyanobacteria

that compete for available nutrients and environmental niches, within
these extreme habitats [4]. In addition a general characteristic of a
microbial mat is the steep physicochemical gradients that are the result
of the metabolic activities of the mat microorganisms. Virtually every
microbial mat is formed through autotrophic metabolism and through
the fixation of atmospheric dinitrogen. Chemoautotrophic organisms
fuel these processes in the absence of light. In illuminated environments
photoautotrophic organisms are the driving force [3].

EPS, a self-produced matrix of microorganisms, are composed of
mainly polysaccharides (40–90%), proteins, nucleic acids, lipids, and
humic-like component [5,6]. EPS are high molecular weight mixture of
polymers, approximately molecular-weight MW of 410,000 Da [7,8]
and other cellular components [7] secreted by bacteria and various
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heteropolymers [9]. EPS constitute a large and dynamic pool of dis-
solved organic carbon (DOC) in freshwater lake and oceanic environ-
ments [10,11]. DOC comprises the largest pool of actively cycling or-
ganic carbon (C) as dissolved organic matter (DOM) in aquatic
ecosystems [12,13]. Previous studies have confirmed that simulated
solar radiation at varying levels of dissolved oxygen and under different
incident light wavelength regimes had destroyed high-molecular-
weight (HMW) fractions of DOM and formed low-molecular-weight
(LMW) constituents [14,15]. The protein-like fraction of EPS displayed
a wide range of MW (>600 kDa – < 10 kDa) whereas the humic-like
fraction was composed of molecules of LMW (6.0 – < 1.2 kDa) in
earlier studies [16].

EPS of microbial origin are one of the major components of natural
organic matter in natural waters [17]. It plays multiple functions, in-
cluding aggregation of bacterial cells, cohesion of biofilms, retention of
water, sorption of organic and inorganic components, nutrient source,
exchange of genetic information, and so on [6]. They have chains that
hydrate on contact with water, the feature that gives them their phy-
sical properties [18]. It is known that EPS are biodegradable by their
own producers and by other microorganisms when they are starved, as
a substrate for microorganisms, and that the EPS carbohydrate can be
utilized faster than the EPS protein [19] as a source of energy and
nutrition. Recently it has been reported that artificial UVB irradiation
increased the fluorescence intensity of all the protein and tyrosine-like
peaks of EPS from Chroococcus minutus while UVC irradiation had little
effect [20]. Nevertheless, another study of the same research group
further suggested that EPS protein was vulnerable to UVB radiation
compared to the EPS polysaccharides [21], thereby contradicting their
previous study. Beforehand, it was reported that bulk DOM was de-
graded by sunlight which subsequently formed into a variety of pho-
toproducts [15]. Correspondingly, solar radiation has been reported to
result in photomineralization of chromophoric dissolved organic matter
(CDOM) or fluorescent DOM (FDOM), or in photo-humification, and
photo-formation of reactive oxygen species in waters [22–25].

Fluorescence spectroscopy was used to characterize dissolved or-
ganic matter (DOM) in concentrated and unconcentrated water samples
from a wide variety of freshwater, coastal and marine environments.
Several types of fluorescent signals were observed, including humic-
like, tyrosine-like and tryptophan-like [26]. Differences in humic peak
A and C suggested that the humic material in marine surface waters was
chemically different from humic material in the other environments
sampled [26]. Moreover, development of parallel factor (PARAFAC)
modelling on the excitation-emission matrix (EEM) spectra (EEM-
PARAFAC) was applied to distinguish the new fluorescent components
in DOM [11,27] and CDOM [11,29,30] in the freshwater and marine
environments to isolate and quantify the individual fluorescence com-
ponent signals in terms of fluorescence intensity. EEM-PARAFAC
modelling is a three-way multivariate analysis, which has been applied
extensively on an additive mixture of fluorescence signals obtained
from EEM spectra [31–33]. Recently EEM-PARAFAC has been used to
characterize EPS components [35] and flocculation of EPS components
[57].

Until now the fate of microbial mat EPS and their fate and trans-
formation into FDOM components are still not well defined under
diurnal condition. In what way the presence of sunlight and night
conditions affects the behavior of EPS in terms of chemical and spec-
troscopic studies is still unexplored. EEM-PARAFAC can be applied to
distinguish the new fluorescent components formed in irradiated EPS.
This study uses chemical analyses to examine photochemical changes in
terms of physic-chemical properties like pH and redox potential Eh,
contents of dissolved organic carbon (DOC), the functional groups and
molecular weight of EPS. Furthermore, the changes in fluorescent
components in EPS were identified using a combination of EEM spectra
and PARAFAC modelling in order to examine their environmental fate.

Fig. 1. Sampling site of saline pond near Bosten Lake. Sampling point shown in yellow mark. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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2. Materials and methods

2.1. Collection of microbial mats

Microbial mat samples rich in EPS was collected from the “little
lake” west of Bosten lake (N42°01.269′ and E86°47.293′), which has
higher salinity than that of Bosten Lake (Fig. 1) on May 28, 2014. The
little lake is a complex channel network overgrown by thick reeds [34].
In addition, agriculture wastewater drainage is discharged into the lake
at its northwest corner, and this leads to the highest salinity (about
3.0 g L−1) [36] as well as high DOC content in the water that varied
from 84.5 ± 0.6 mg/L to 100.8 ± 0.1 mg/L in the summer [35]. A
large steel mug of long stick was used to collect the floating biofilm mat
from the lake water. The chunks of biofilm mats were put in a drum of
30 L with lake water. After transportation to laboratory they were
stored in a plastic zip bag of 500 mL and preserved at −20 °C for
further processing.

2.2. Extraction of EPS from microbial mats

Micorbial mats were washed at least 10 times with MQ water before
EPS extraction. As from the previous study of Pan et al. [37], it was
found that pretreatment with ultrasound at low intensity doubled the
EPS yield without significant modification of the composition of EPS
[37]. Therefore ultrasonication as a physical method was chosen for
extraction of EPS from biofilm as described from previous methods
[38]. The sonicated microbial mat suspension was then centrifuged at
16,000 r/min, at 4 °C for 20 min [39]. The EPS extraction method
would not cause any cell lysis [39]. The supernatants were filtered
through a 0.22 μm polycarbonate filters. The filtrate was used as the
EPS sample. This method of extraction increases total EPS yield without
modifying EPS molecule and includes whole EPS without differ-
entiating tightly-bound or loosely-bound EPS. Approximately 180 g wet
weight biofilm of approximately 200 mL had obtained near about
150 mL EPS. The EPS solution was stored at −20 °C until further use.
The 150 mL solution was diluted three times to 450 mL in total and
used in subsequent photo experiment.

2.3. EPS characterization

The quantities of polysaccharides in EPS samples were determined
by the phenol–sulfuric acid method where glucose was used as a stan-
dard substance [40]. Absorbance was measured at 488 nm against
blank to determine the polysaccharide in this study. Protein content of
the EPS was determined using modified Lowry procedure for room
temperature with bovine serum albumin (BSA) as a standard (Sengon
Biotech, Shanghai) [41]. In protein analysis, absorbance of the samples
was measured at 750 nm against blank. A calibration curve was pre-
pared before each analysis. A UV spectrophotometer (UV−2550, SHI-
MADZU) was used in both measurements. DOC was measured by
Analyticjena multi N/C 2100 (Germany). No filtration was conducted
before DOC as EPS was extracted by centrifugation followed by filtra-
tion with 0.22 μm filter paper. pH and redox potential Eh (−mV) were
measured by pH meter (MetroOhm).

2.4. Potentiometric titration

Acid–base titrations were performed using an automatic potentio-
metric titrator (Metrohm Titrino 702SM). Potentiometric titrations of
concentrated 440 mg/L EPS of 40 mL suspensions were carried out
under a N2 atmosphere at 25 °C. The suspension was titrated using
0.1 M NaOH solutions. A known amount of 0.1 M HCl was further
added at the beginning of the experiment to lower the pH to approxi-
mately 1.6 and equilibrated in room temperature overnight and then
titrated to pH 12 with NaOH [42]. Therefore, the total adsorption sites
(1.5 ≤ pKa ≤12.0) concentration on the adsorbents surface was

calculated according to the changes in the pH values of the suspension
and the amount of added OH. At each titration step a stability of 0.1
mVS¯1 was attained before the addition of the next dripping of titrant.
Blank titrations were performed using 0.1 M KNO3.

2.5. Photo-experiment set up for light incubation

Dissolved organic carbons (DOC) of EPS were diluted with MilliQ
water to adjust DOC of lake water which varied from 80 mgL−1 to 120
mgL−1. To examine the effects of solar radiation on EPS, three
Erlenmeyer glass flasks were filled with the EPS samples (150 mL),
sealed with glass caps and Teflon tapes. The flasks were kept in a water
bath, in which tap water was continuously supplied to control the
temperature. The samples were exposed to natural sunlight from a
period of 0 h–72 h. Every 15 min all flasks were shaken and their po-
sitions randomised. The photo-experiment was started at10:15 a.m., 8th
July and ended at 10:15 a.m. of 11th July 2014. The experiment was set
on the roof of the Xinjiang Institute of Ecology and Geography, Urumqi,
China. Day length was approximately 15.17 h. Sample exposure to
sunlight was approximately 6 h each day (10:15 a.m. to 4:00 p.m.). UV
intensity of the experimental day varied from 10 to 15Wm−2 on the
first day of exposure followed by 7–9 Wm−2 on the 2nd and 3rd day.
Air temperature varied from 20 °C to 31 °C. Data were taken from
Urumqi Ambiente Previsión índice (website: http://www.qx121.cn/
qxfw/ASP/wlmqzwx.asp). The photo active radiation (PAR) value was
measured with a quantam meter (Model ESM-Q1, Ecotron Scientific
Inc.) in μmol m−2S−1. PAR varied from 1041 μmol m−2S−1 at 10:15
a.m. to approximately 1985 μmol m−2S−1 at 2:00 p.m. At 4:00 p.m.
PAR was approximately 1500 μmol m−2S−1. Water bath temperature
was measured with a thermometer. Incubated samples were withdrawn
in triplicate from flasks in 20 ml at 0.5 h, 1 h, 2 h, 6 h, 24 h, 48 h and
72 h for further analysis.

2.6. Fourier Transform Infrared Spectroscopy (FTIR) analysis

EPS samples were freeze-dried at −70 °C and the dried samples
were mixed with solid KBr in the ratio of 1:100. From the mixture,
KBr–EPS pellets 13 mm in diameter were prepared at 8.103 kg cm−2

pressure. The FTIR spectra of the EPS samples were recorded with
Bruker Tensor 27 and analysed with OPUS software 5.5. For each in-
terferogram 256 scans were taken in the 400–4000 cm−1 range with a
resolution of 2 cm−1. The processed spectra were exported to Origin 8.0
software (OriginLab, USA) for graph preparation.

2.7. Size exclusion chromatography (SEC)

Protein molecular weight of EPS was qualitatively determined. A
Merck Hitachi LA Chrom Chromatograph equipped with a L2200 auto
sampler, a L2130 quaternary pump, a L2300 column oven interface and
a L2455 diode array UV detector (200–600 nm), with software version
LaChrom 890–8800–12 was used. An Amersham Biosciences column,
Superdex 200 10/300 GL, was used (resolving range from 10 to
600 kDa). Data processing was done with EZchrom Elite. The mobile
phase recommended elsewhere [16,43]. Injection volume was 80 μL
EPS. Molecular weight 14.4 kDa–94.7 kDa was used for qualitative
protein analysis which contained protein markers of 94 kDa, 66.2 kDa,
45 kDa, 33 kDa, 26 kDa, 20 kDa and 14.4 kDa (TIANGEN MP102,
Senggong Biotech). The entire 3 injections obtained 5 peak positions in
the chromatogram according to the standard markers in retention time
18.27–22.08 min, 29.42–32.38 min, 40.42–41.83 min,
50.58–52.41 min and 58.20–62.01 min, respectively. After obtaining
the standard peak the sample injections were run as without exposure
to sunlight (original EPS) and after exposure to sunlight.
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2.8. EEM-PARAFAC modelling

The fluorescence (excitation−emission matrix, EEM) spectra of the
EPS solution were recorded with a fluorescence spectrophotometer
(F−4500, HITACHI, Japan) in scan mode with a 700−voltage xenon
lamp at room temperature. The EEM spectra were collected at 5 nm
increments over an excitation range of 200–400 nm, with an emission
range of 250–500 nm by every 1 nm. The excitation and emission slits
were set to 5 nm of band−pass, respectively. The scan speed was
1200 nm min−1. All the cuvettes before analysis were rinsed and ul-
tra−sonicated using 5% (w/w) nitric acid solution. The Milli−Q water
blank was subtracted from the sample's EEM spectra. To clarify the
changes in the chemical and spectroscopic analyses of photochemical
and microbial degradation of EPS, we conducted PARAFAC modelling
on the EEM spectra of EPS samples.

2.9. Anion and cation analysis

Ion chromatograph (US Dionex ICS-5000), and inductively coupled
plasma emission spectroscopy (Agilent 735 ICP-OES) for major anions
(Cl−, SO4

2− and HCO3
−) and cations (Ca2+, Mg2+, K+ and Na+)

analysis. Samples were filtered with 0.45 μm syringe filter prior to
sample analysis. EPS sample was filtered with 0.45 μm polycarbonate
filter and was not acidified. Standard curves were obtained containing
known concentrations of each heavy metal that were diluted with Milli-
Q pure water. All reagents were of analytical grade. The standard error
was determined to be less than 5%. All glassware used for trace element
analysis were soaked in 25% HNO3 for 24 h, rinsed, and then dried.

2.10. Dark control experiment

A control experiment on EPS degradation was performed in a dark
room temperature, wherein flasks were wrapped with aluminium foils.
EPS samples were collected at 0 h, 6 h, 48 h and 72 h. There were no
significant changes observed for DOC, FTIR and EEM-PARAFAC mod-
elling.

2.11. Statistical analysis

All incubation of EPS sample in the sunlight was triplicated. EPS
characterizations were performed thrice and standard errors on mea-
sured values were calculated. The data were processed in Origin 8.0
software (OriginLab, USA) for graph preparation.

3. Results and discussions

3.1. Changes in EPS proteins and associated physico-chemical
characteristics

Total protein content, total polysaccharide content and DOC content
in EPS solution were 60.6 ± 3 mgL−1 and 23.2 ± 0.5 mgL−1 and
392.7 ± 3 mgL−1, respectively. Potentiometric titration of original
EPS revealed two apparent dissociation constants (pKa values) in EPS
(Fig. 2). The first equivalence point EP1 obtained at pH 4.99 was at-
tributed to protein content of carboxylic groups [42,44]. The second
equivalence point, EP2 obtained at pH 7.83, can be assigned to phenolic
hydroxyl in protein substances [45,46]. Previous report from Sonicated
EPS had shown phenolic hydroxyl pKa value at around 8.7 [45,46]. EP2
may also belong to the phenolic hydroxyl groups of humic substances
which was mentioned as 8.29 [47] and 8.8 [48].

Protein molecular weight (MW) study using size exclusion chro-
matography (SEC) also revealed presence of two protein sizes in the
original EPS (Fig. 3). The chromatogram of untreated EPS exhibited two
peaks-a large major peaks followed by a minor peaks. A small sub-peak
was also observed before the major peak in untreated EPS. The peaks
may be attributed to MW of 94.7–66.2 kDa of 82.58% and

20.0–14.4 kDa, approximately 3.15%, respectively. After 72 h of sun-
light exposure, treated EPS also showed two peak positions but reverse
in order compared to the original EPS. A minor peak followed by a
major peak was observed in the chromatogram. In both cases a small
sub-peak was observed similar to that of original EPS. The two peaks,
which may be assigned to 45–33 kDa protein with a peak area per-
centage of 3.76% and 20.0–14.4 kDa protein molecules with a peak
area percentage of 85.56%, respectively. This is suggestive of the

Fig. 2. Potentiometric titration curves for EPS collected from hypersaline biofilm mat. EP
indicates the equivalence points on the titration curve. Potentiometric titrator (Metrohm
Titrino 702SM) automatically generated two EP points as EP1 and EP2 (with two pH
points) which are expressed in the Figure. No colour indicators were used during titration.

Fig. 3. Fingerprints of EPS before and after sunlight exposure of after 72 hours. EPS
without exposure obtained three peaks with different retention times, including 15.2-
20.8, 21.0-21.8 and 48-52 min, respectively. After three days of light exposure obtained
three peaks and their retention times were 21.0-21.8, 42.5-43.0 and 47.6-62.3 min, re-
spectively.
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maximal photo-induced alterations of HMW protein components of EPS
into LMW components (Fig. 3). It is a key indicator of photochemical
EPS alterations. The shoulders and sub-peaks representative of the low
MW fractions in the original samples either increased in intensity or
were replaced by new shoulders and sub-peaks, implying a net forma-
tion of LMW fractions, among which an important component could be
organic acids [14,15]. Similar results were also found upon sunlight
exposure on DOM in surface waters [27]. Previously microbial changes
in the HMW components of EPS were also reported, whereas carbo-
hydrates and proteins in EPS had entirely decomposed microbially
during the experiment [19].

The pH of the EPS was alkaline (8.51 ± 0.03), possibly due to its
origin from highly alkaline lake water which varied from pH 8.53–8.75.
During the irradiation time pH and Eh of the sample EPS shifted over
the course of 72 h and approximately 10.9% decrease in pH and Eh was
observed in light-treated samples compared to the original untreated
EPS (Fig. 4a). Redox potential Eh also decreased correspondingly
(Fig. 4b). The decrease in pH and correspondingly redox potential Eh
was presumably due to the formation of acidic photoproducts from EPS.
Previously it was reported that due to the formation of acidic photo-
products with pKa values lower than the DOM's initial pH values caused
lowering of pH [14]. Reduction of pH and decrease in protein molecular
size was also reported in previous studies [36]. Similar phenomena
might have affected EPS samples during irradiation.

3.2. Chemical and molecular changes in EPS during photolysis

Constituent of EPS protein content and its changes were further
revealed from FTIR spectrum. FTIR spectra (Fig. 5) of the extracted EPS

and photo-treated EPS showed several major infrared absorption bands,
which are the characteristics of the major functional groups bound in
various molecules composing EPS. The broad and strong band around
3700 cm−1 to 3000 cm−1 indicates the stretching of O–H similar to all
polymers. The bands at 2943 and 2888 cm−1 in EPS corresponded to
the C–H stretching vibration of methyl and methylene groups [49].
Proteins are shown by the two bands at 1440 cm−1 in original EPS, and
1403 cm−1 in irradiated EPS after 72 h. This may be assigned to the
–NH (bending vibration), –CN (stretching vibration) of Amide I band.
Another weak peak positioned at around 1510–1518 cm−1 in original
EPS and treated EPS may belong to –C–O stretching vibration of car-
boxylic acid derivatives [50]. Two strong peaks around 1048 cm−1 and
1112 cm−1 can be signals for all esters and may belong to carbohy-
drates. Other major peak regions include 600–921 cm−1 similar to the
carbohydrates and polysaccharides belonging to the glycosidic linkage
of sugar monomers [50].

After 72 h of sunlight exposure, most of the absorption bands in IR
spectra were substantially band-shifted and reduced in terms of peak
heights, particularly over the fingerprint regions at 1300–1600 cm−1,
along with slight changes in peak positions (Fig. 5). This suggests an
obvious change in the functional groups bound in carbohydrates and
proteins. A new medium-strong peak appeared at ∼1377 cm−1 can be
assigned to the signal of –CH3 groups [50]. However, this position may
also correspond to vibration of C=N. Similar peaks were observed in
EPS (at 1350 nm−1) when Ethylenediaminetetraacetic acid (EDTA) as
extractant and in the Suwannee River DOM at ∼1370 cm−1 [51,52].
Previously it was reported that proteins and carbohydrates are gen-
erally labile to microbial degradation either in EPS or DOM in water
[19,51]. The changes in FTIR spectrum indicate that a significant
change in the molecular structure of EPS molecules occurred upon
sunlight exposure. This is further confirmed by subsequent changes in
DOC.

A decrease of 6.9% DOC was observed within first 6 h in treated EPS
samples (Fig. 6). However, after 48 h and 72 h of EPS diurnal exposure,
no significant changes in DOC was onserved. It might be correspond to
the origin of the EPS from microbial mats of arid saline lakes that have
significant ability to resist UVB radiation. Previously the higher toler-
ance to UVB radiation of the desert cyanobacterium was reported be-
fore which was attributed to the higher resistance of its EPS to photo-
degradation compared to the other aquatic species [21]. Moreover, the
dilution effect of DOC and shorter exposure hours, in contrast to the
previous study of longer exposure hours of EPS [55] might be also re-
sponsible for lower degradation of DOC. Original EPS DOC
392.7 ± 3 mg/L was diluted to 103.5 ± 1 mg/L by adding MQW to
adjust with the lake water DOC concentration. This dilution of DOC
might further lead to the formation of recalcitrant DOC after 6 h of

Fig. 4. Changes in pH (a) and Eh (b) in light treated sample during the exposure time.

Fig. 5. FTIR spectra of the untreated EPS and light treated EPS after 72 hours.
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exposure that resisted further degradation over the next days of ex-
posures. It is therefore, obvious that arid saline lake microbial mats
resist photodegradation significantly.

3.3. Genesis of new FDOM components and their changes during EPS photo-
assimilation

The EEM-PARAFAC results confirmed that raw EPS composed of
two fluorescent components (Fig. 7a–b; Table 1). The first fluorescent
component represented a combined humic-like and protein-like com-
ponent with four fluorescent peaks. Humic-like peaks were represented
by two peaks: Peak M at Ex/Em = 275/410 nm and Peak A at Ex/

Em = 230/410 nm, respectively, and protein-like peaks were re-
presented by: Peak T at Ex/Em = 270/335 nm and Peak Tuv at Ex/
Em = 225/335 nm, respectively. The second fluorescent component
was identified as individual tyrosine-like substances that consisted of
two peaks represented by, Peak T at Ex/Em = 260/310 nm and Peak
Tuv at Ex/Em = 220/310 nm, respectively. These results suggest that
proteins and humic-like substances along with tyrosine-like compo-
nents are the two major fluorescent components in raw EPS from mi-
crobial mats. Previous report also confirms that early summer devel-
opment of microbial mats contained more protein-like and tyrosine- or
tryptophan-like components along with humic-like substances [35]. It
is therefore, evident that protein-like, humic-like [11,23,35,53] and
tyrosine-like components are the important fluorescent molecular
constituents of EPS molecular structure from microbial mats along with
polysaccharides and other non-fluorescent components. Previously
combined humic-like and protein like fluorescent component along
with individual humic-like and unknown components were reported
from aged microbial mats collected in winter [35]. It is apparent that
protein-like substances of the microbial mat EPS and humic-like sub-
stances from the lake sediments [5], two major backbone of EPS
fluorescent component, could have similar functional groups (–COOH
and –NH2) [11], which might be responsible to interact with each other
and produced combined fluorescent peaks [55].

On the other hand, the EEM-PARAFAC modelling in irradiated
samples identified three fluorescent components, namely humic-like
(Fig. 7c), tyrosine-like (Fig. 7d) and protein-like (Fig. 7e), during short-
term irradiation (1–12 h). During long-term irradiation (24 h–72 h)
EEM-PARAFAC modelling identified two components, namely tyrosine
like (Fig. 7f) and protein-like (Fig. 7g; Table 1). After 72 h of sunlight
exposure, humic-like components entirely decomposed as identified in
the EEM-PARAFAC; meanwhile, the fluorescence intensity of the tyr-
osine-like component decreased by 5% but protein-like fluorescence
increased by 27%. Decomposition of humic-like components is gen-
erally observed in surface waters [22,28], but the increase in the

Fig. 6. Changes in the dissolved organic carbon (DOC) concentrations in irradiated
samples at different time intervals.

Fig. 7. Fluorescent components identified by PARAFAC modelling; (a-b) two fluorescent components for raw EPS solutions; (c-e) three fluorescent components for short term irradiation
0.5 hours to 12 hours; and (f-g) for relatively long-term irradiation for 24 hours to 72 hours.
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protein-like component may presumably result from the decomposition
of humic-like components that are associated with protein-like com-
ponents in raw EPS (Fig. 7a–b; Table 1). FDOM components typically
undergo photochemical transformation but they are recalcitrant to
microbial degradation, except for the aromatic amino acids that are
microbiologically degraded under dark conditions [22,23,53]. The peak
positions of the humic-like component were obviously red-shifted from
the shorter to the longer wavelength regions from the raw EPS to the
irradiated samples (Table 1; Fig. 7). Red-shift of the humic-like com-
ponent could be linked with two possible phenomena: First, the humic-
like component is released from EPS where it is typically bound with
other molecules that could have less influence on photon absorption
upon light exposure. Second, the humic-like component of photo-in-
duced and/or microbial origin may compose of diverse functional
groups, which may be produced during the respiration or assimilation
processes of EPS.

Therefore, changes in FTIR spectrum, DOC, EEM-PARAFAC mod-
elling, decrease in EPS MW during the irradiation period is related to
the formation of low MW organic acids that correspondingly decreased
solution pH and Eh in the EPS sample. These results indicate that photo-
induced alterations of EPS caused structural changes of EPS proteins,
carbohydrates and also a decrease in the molecular size of EPS.
Production of LMW components could be the key signature of EPS al-
terations under photo-induced and its sequential release of new DOM in
waters. However, no significant changes in DOC, FTIR and EEM-
PARAFAC modelling were observed in the dark room control treatment
during the experimental time period.

3.4. Environmental significance

The photodegradation of EPS may vary based on the origin of the
microorganisms that produced it. In this regard saline water microbial

mat from arid origin showed lower degradation rate of DOC and protein
fluorescence components within the exposure period. Previously it was
reported that the desert cyanobacterium species C. minutus EPS protein
showed higher tolerance to UVB degradation compared to the other
aquatic species [19]. During photodegradation EPS-bound anions and
cations may release and make complex again. From the concentration
of some ion analysis in EPS (Table 2), it was observed that the content
of SO4

2−and HCO3
− was higher EPS samples. Irradiated EPS showed

decreased concentration of HCO3
− indicating some mineralization of

DOC. Significant changes in SO4
2− concentration was also observed

compared to the original EPS. Cl− content in original and treated
samples remained unchanged. Slight increase of Ca2+ and K+ ions in
irradiated EPS was observed. In the natural microbial mat EPS may
chelate with Ca2+ ions perhaps preventing the precipitation of CaCO3

[54]. Similarly, the degradation of EPS by heterotrophic bacteria may
release Ca2+ and influence CaCO3 precipitation [55] as well as the
other metals in the solution. In this case photo irradiation of EPS re-
leased Ca2+ and K+ ions from EPS-metal chelates. It was evident from

Table 1
Fluorescence excitation/emission (Ex/Em) wavelengths of various components identified from EEM-PARAFAC modelling of raw EPS samples and irradiated EPS samples using EEM-
PARAFAC modelling. The percentage changes in the fluorescence intensities of various components are estimated by comparing the treated samples with raw EPS samples.

Components Excitation and emission maxima (% decrease in fluorescence intensity) Description Peak region Corresponding description in the earlier studies

Raw EPS sample fluorescence properties
Component 1

[35,54]
270/335 and Protein-like Peak T 280-300/328–356 nm [24]
225/335 Peak TUV 235-250/338-356- nm [24]
275/410 and Humic-like Peak M 310/423–428 [22];

322/407 [26]; 290–330/358-416 nm [24]
230/410 Peak A 250-260/380–480 [22]; 225–260/358-416 nm [24]

Component 2 260/310 and Tyrosine-like Peak T 275/310 [22]; 275/306 [29]
220/310 Peak TUV In this study

Sunlight irradiated EPS (1 h to12 h) in this study
Component 1 270/340

(−29%)
Protein-like Peak T 270-280/320–350 [22]; 280/368 [27]

220/340
(−29%)

Peak TUV 240/368 [27]

Component 2 285/415
(−78%)

Humic-like Peak M 310/423–428 [22]; 322/407 [26];
290-330/358–416 nm [24]

225/415
(−78%)

Peak A 250-260/380–480 [22];
225-260/358–416 nm [24]

Component 3 265/315
(−6%)

Tyrosine-like Peak T 275/310 [22]; 275/306 [29]

225/315
(−6%)

Peak TUV In this study

Sunlight irradiated EPS (24 h to 72 h) in this study
Component 1 280/340

(+27%)
Protein-like Peak T 280-300/328–356 nm [24]

245/340
(+27%)

Peak TUV 235-250/338-356- nm [24]

Component 2 270/315
(−5%)

Tyrosine-like Peak T 275/310 [22]; 275/306 [29]

225/315
(−5%)

Peak TUV In this study

(+) and (−): an increase and a decrease in fluorescence intensities (%) of various peaks.

Table 2
Changes in important ion concentration in EPS after 72 h of irradiation.

Concentration
(mg/L)

0 h
untreated
EPS

72 h
Irradiated EPS

Ca2+ 8.8 ± 0.1 10.4 ± 0.1
Mg2+ 31.2 ± 0.3 26.4 ± 0.02
K+ 9.6 ± 0.2 12.8 ± 0.7
Na+ 22.0 ± 0.9 19.6 ± 0.1
HCO3

− 222.0 ± 0.4 198.5 ± 0.1
Cl− 42.0 ± 0.2 42.0 ± 0.6
SO4

2− 35.2 ± 1 30.4 ± 0.6
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EEM-PARAFAC modelling that degradation of humic substances from
raw EPS might have increased the Ca2+ and K+ ions in the solution. On
the other hand decreased concentration of Mg2+ and Na+ ions may
indicate their chelation by the remaining EPS proteins or the FDOM
that remained in the solution. EPS may also serve to bind different
heavy metal from the surrounding lake water. In the raw EPS sample
significant concentration of several metals were found Fe (452.9 ppb),
Zn (10.07 ppb), Al (2.78 ppb), Cr (3.5 ppb), Ni (12.6 ppb), As
(35.05 ppb), Cd (0.01 ppb), Ba (15.22 ppb), Pb (0.4 ppb). The high
abundance of EPS containing microbial mat may be effectively chelate
large amounts of dissolved heavy metals. EPS proteins may serve as
binding sites for many trace metals such as Cd, Cu and Pb [45–48], Hg
(II) [56], Sb(v) [56,57]. Upon changes in temperature, pH [57], diurnal
effect of sunlight exposure might degrade EPS into LMW organic acids
and release the anions and cations back into the environment. The
importance of this study is therefore linked to the photochemistry and
biogeochemistry of microbial mat EPS and their fate in natural waters
in inland saline lake environments.

It is evident that the anthropogenic modifications of aquatic en-
vironments, including nutrient over-enrichment (eutrophication),
water diversions, withdrawals and salinisations; agricultural and in-
dustrial pollutions [36] of inland lake water. All these factors have led
to enhanced freshwater input associated with high concentration of
different salts, heavy metals, P, N and organic matter [11] which were
suggested as potential drivers for the increasing appearance of micro-
bial mat formation or algal blooms in saline lakes during summer
[11,23]. Increased temperature due to global warming might play a key
factor to exacerbate these challenges and vice versa [23]. Therefore,
photo-induced and microbial transformation of EPS into new FDOM
could be enhanced, which concurrently may impact the C and N mi-
neralization, fluxes and cycles in inland saline lakes, freshwater lakes
and oceans. Furthermore, photochemical processes are important
pathways for the production of reactive oxygen species (ROS) that can
be produced by interactions between sunlight and light-absorbing
substances in natural waters [11]. DOM is the main source and sink of
·OH upon lake water irradiation, with [·OH] being independent of DOM
amount [24]. The DOM produced from EPS is gradually either entirely
decomposed or enhanced in the aquatic environments, which is often
detected in lakes, rivers [11], estuarine and marine waters [22,23].
Autochthonous DOM is generally observed at the epilimnion compared
to the hypolimnion during the summer stratification period, particu-
larly in lakes and oceans [11]. The contribution of autochthonous DOM
is substantially high, approximately 0–102% in the surface waters of
lakes [11]. Under the global warming scenario, if temperature con-
tinues to increase, the production of microbial EPS may also increase
due to nutrient enrichment, which may eventually increase the photo-
degradation of the substances leading to more trace metals, ROS and
recalcitrant organic matter. The production of LMW organic acids may
further reduce pH and Eh condition and lead to slight acidification as
observed from the present experiment.

4. Conclusions

Photodegradation of EPS depends on irradiation wavelengths and
intensities and exposure duration. Molecular weight (MW) of EPS is a
key factor for controlling their physical, chemical, and biological
characteristics in surface waters. It is evidenced from chemical and
spectroscopic analyses that natural organic polymers like EPS protein
molecules were comprehensively transformed from HMW to LMW or-
ganic acids in accordance with changes in the functional groups bound
in EPS. The production of organic acids further lead to lowering of pH
and Eh. During sunlight exposure fluorescence intensity of EPS com-
ponents were found to degrade. The results from EEM-PARAFAC
modelling suggested that EPS, composed of proteins and humic acids, is
gradually fragmented into various components in water under photo-
induced processes. Such fragmented components are gradually either

entirely decomposed or enhanced in quantity in water environments.
This study therefore implies that EPS from microbial origins can in-
crease the production of autochthonous fluorescent DOMs in natural
waters and could be a key controller of the geochemistry and trans-
portation of diverse metal pollutants in inland freshwater, saline and
marine ecosystems.
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